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ABSTRACT 
 
 
The use of external steel and/or fibre‐reinforced plastic (FRP) plates bonded to the 
tension face of reinforced concrete (RC) members has become a common method for 
strengthening existing structures. However, despite extensive worldwide research over 
the last two decades, a generally accepted method to predict the failure load of plated 
beams is not yet available. This is particularly true in the case of widely observed 
undesirable premature (plate peeling and interface debonding) failures of such elements 
which are often of a largely brittle nature. It is noteworthy that interface debonding 
failure is associated with those instances when there is a bond failure occurring at the 
plate/glue/concrete interface whereas the peeling failure involves the plate and concrete 
cover separating as a unit from the underside of the main reinforcing bars. In the present 
thesis, using very extensive test data, the generality of simple criteria for design against 
occurrence of such premature failures for plated RC beams is demonstrated. 
Using an extensive set of test data relating to 484 FRP and 203 steel plated RC beams 
(i.e. total of 687 plated specimens), covering a very wide range of first order beam design 
parameters, ample support is provided for the general assessment of a simple design 
method against occurrence of premature flexural failures in externally plated simply 
supported RC beams with the plates glued to their soffits. In particular, the proposed 
design method is amenable to simple hand calculations using a pocket calculator aimed 
at practicing engineers for their use in everyday designs. In addition, by using the same 
extensive set of test data, it has been demonstrated that the plate premature failure 
moment can be significantly lower than the ultimate failure moment of the original RC 
beam- hence, the warning that it is absolutely necessary to guard against occurrence of 
such premature failures by using a reliable model (such as the one proposed in the 
current thesis) for designing against such potentially very dangerous premature failures. 
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Chapter 1 
 
 
1 INTRODUCTION 
1.1 BACKGROUND 
Given the economic and time consuming aspects of demolishing and re-constructing 
of structures and also considering the environmental aspects, the inevitable need for 
strengthening and upgrading appears to be very crucial and an important issue. 
Rehabilitation of structures could be due to various reasons such as altering the usage 
of the structure for example increase of the vehicle loads and traffic volume 
(especially in highway bridges and load rated bridges), increasing of the allowable 
loads in the design codes,  transforming a residential building to another type of 
building (for example industrial building), errors occurred during the design or 
construction of a structural element which lead to malfunctioning of it, improper 
initial design, ageing and deterioration of materials especially concrete in bad 
environmental conditions and damages of structural elements due to national disasters 
such as earthquakes. 
For concrete structures, there exist different strengthening techniques considering the 
reasons for rehabilitation and function of the targeted structural element, i.e., it could 
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be increasing the flexural or shear capacity of a concrete beam, increasing the 
capacity of a column, increasing the ductility of a joint, confinement of a column, 
upgrading the serviceability, etc. Some of the strengthening methods especially in RC 
(reinforced concrete) bridges are addition of extra beams, enlarging the decks or post 
tensioning. In the current thesis, strengthening of concrete beams by the means of 
external steel or FRP (Fibre Reinforced Plastic) plates has been studied in details. 
According to Dussek (1980), first evidence of using external steel plates for 
strengthening of RC beams goes back to 1964 where in Durban, South Africa due to a 
construction fault, the internal reinforcement of beams in an apartment was missing 
and therefore the external steel plates were used for upgrading the beams. Dussek 
(1980) also mentions examples of external steel plating in 1975 and 1977 for 
strengthening of the three span bridge in Swanley, Kent. According to Raithby 
(1980), one of the earliest examples of strengthening of the bridges with steel plates in 
UK is strengthening of Quinton Bridge on M5 near Birmingham. The plate bonding 
method (cf. certain other strengthening methods) causes minimal influence on the 
strengthened member’s dimensions, and can be carried out with minimal disruptions 
to the users of the structure: obviously, this is particularly of importance in the case of 
bridge applications. Over the last three decades, this method has been used 
extensively for upgrading both buildings and bridges in a large number of countries.  
According to Hollaway (2000) Application of the FRP plates started from 1960’s after 
production of epoxy adhesives. FRP plates have the advantage of in-situ application at 
the construction site. They come in the form of very thin sheets of laminates, hence 
application of them to the structural element doesn’t add significant thickness in 
comparison with the steel plates which come in comparatively thicker depths. FRP 
plates have other advantages to steel plates such as better resistance to corrosion, high 
strength to weight ratio, high tensile and fatigue strength, non magnetic and 
conductive properties, ease of handling and also ease of tailoring to the suitable 
shapes and lengths, hence making them a superior material to steel plates. However 
the disadvantage of vulnerability to fire and also the cost of FRP plates in comparison 
with steel plates should be mentioned as well. Cost related comparison between steel 
and FRP strengthening methods are out of scope of this thesis, as cost changes is in 
accordance to the rate of market grow for new materials and it depends on various 
factors including the contractors’ interest.  The external plates are added by bolts in 
case of steel plates or strong adhesives in the case of FRP plates as shown in Figure 
 1. INTRODUCTION 
3 
 
1.1. Initially, the research was focused on externally bonded steel plates, but 
considering FRP plates potential practical advantages, the focus of research has 
recently turned to the use of FRP material, as an alternative to steel, for external plate 
bonding applications. 
 
Figure 1.1 Application of external plates for (a) Confinement of RC columns, (b) Flexural or 
shear strengthening of RC beams and (c) Flexural strengthening of RC concrete bridge decks 
1.2 FRP MATERIAL (FIBRE REINFORCED PLASTIC) 
FRP laminates are composed of a mesh of fibres (glass or carbon fibres in general) 
lying in a polymer matrix which has the role of a binding material and at the same 
time transferring the stresses between the fibres. The advantage of using a composite 
material instead of alloyed one, is that usually each constituent shows its best quality 
and sometimes the whole composite exhibits a property which neither of the 
constituents itself exhibit. The binding matrix has a lower density and stiffness than 
the fibres, but the combination of fibres and the matrix will exhibit very high strength 
(nearly 10 times larger than steel tensile strength) and stiffness but still a low density. 
The fibres usually used for the FRP materials are aluminium AFRP, glass GFRP or 
carbon CFRP. CFRPs are stiffer than GFRPs but they are more expensive. Depending 
on the amount of fibre used, the stiffness of the FRP plates could be much more than 
steel but less ductile than steel. FRP material has a brittle behaviour, i.e., an elastic 
linear behaviour up to the rupture limit without entering the plastic limits. So the 
design of FRP strengthened members cannot be similar to design of RC members 
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replacing steel with FRP because Steel has elastic-plastic behaviour. The fibre mesh 
arrangement (number of fibres, various angles, and different mesh types) and type of 
matrix influence the behaviour of the plate and consequently the final design of a 
plated member, this is similar to design of a concrete member while considering the 
different concrete mix schemes and reinforcement bars layouts. 
1.3 PREMATURE FAILURE OF EXTERNALLY PLATED RC 
BEAMS 
As the term premature failure will be used frequently in this thesis, a simple definition 
of this kind of failure is explained as cases where the external steel or FRP plate 
detaches and separates from the concrete surface prior to occurrence of flexural 
failure of the beam. This detachment could initiate from the plate end and propagate 
towards the middle of the beam or could start from a shear flexural crack in shear 
span and moves towards the plate end, where the former case is called the peeling 
failure and the latter case is called the interface debonding failure.  Despite the very 
extensive research done on strengthening of RC beams by external plates, an 
elaborate guideline on premature failures and a generally accepted method to avoid 
the premature failure of a plated beam is not yet available. A considerable amount of 
literature has been published on behaviour of plated beams which could be 
categorised into experimental and analytical works. Experimental studies focus on the 
effect of different parameters on behaviour of plated beams and analytical studies 
focus on predicting the premature failure load of a strengthened section. The purpose 
of application of a plate to the tension side of a beam is increasing the flexural 
capacity of the beam, due to larger lever arm of the plate and also higher tensile stress 
of the plate (in comparison with steel bars), the ultimate flexural capacity of the plated 
section will increase. However in many experiments, the final desired increased 
capacity of the beam is not achieved in practice because of premature failures, hence 
their occurrence leads to a decrease in the final flexural capacity of the plated beam 
(in comparison to the increased predicted capacity). Therefore the widely observed 
undesirable premature failures of beams which are often of a largely brittle nature is a 
noteworthy topic to address in the design of plated beams and it is absolutely 
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necessary to guard against occurrence of such premature potentially dangerous 
failures by using a reliable model. 
There are various types of premature failures investigated by different researchers in 
the literature, which are entitled with different names and categories, in many cases 
leading to non-clear and in some cases misleading and confusing interpretations. In 
this thesis, following the literature survey about different failure types and studying 
the failure characteristics, premature failures have been categorized into two major 
groups of (1) peeling and (2) interface debonding failures having the advantage of less 
confusion of the interested reader besides covering the main premature failure types. 
It is noteworthy to mention that interface debonding failure is associated with those 
instances when there is a bond failure at the plate/glue/concrete interface whereas the 
peeling failure involves the plate and concrete cover separating as a unit from the 
underside of the main reinforcing bars. In practice, it’s not always possible to cover 
the tensile side of the beam fully with external plates, due to existence of supports and 
bearings in case of bridges; therefore there normally exist a gap between the plate’s 
termination point and the support. According to Figure 1.2, peeling failure occurs at 
the plate curtailment when there is a stress concentration at the plate end at zone A 
due to sudden change of the section’s stiffness. In order to avoid peeling failure, 
application of end anchorages for steel plates or end wraps for FRP plates is a very 
common method, however experiments done by Jansze et al. (1996), Philipe et al. 
(1991), Garden et al.(1997), Spadea et al. (1998), Porpongsaroj and Pimanmas (2003), 
Pham and Al-Mahaidi (2004) showed that even when the occurrence of peeling 
failure was successfully prevented by using effective plate end anchorages (in the 
form of sufficiently long prestressed bolts or end wraps), the full flexural capacity of 
the plated beam was still not achieved. Instead, an interface debonding type of 
premature failure was found to occur at the concrete/glue/plate interface with its 
consequent associated drastic reductions in the ultimate strength (cf. the full flexural 
capacity).  
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Figure 1.2 External plating of an RC beam  
1.4 AIM AND OBJECTIVES 
The aim of the present work is to propose a simple criteria for design against 
occurrence of premature (peeling or interface debonding) failures for both steel and/or 
FRP plated RC beams. To this end, extensive use will be made of reported test data 
which include results for 203 steel and 484 FRP plated specimens covering a wide 
range of first order beam design parameters. 
Below is the summary of the main topics covered and objectives targeted in this 
thesis: 
o Reviewing of the available work done on premature failures of RC plated 
beams in the literature and discussing the experimental works and a study 
through the analytical models on the premature failure 
o Collection of an extensive database including a wide range of beam design 
parameters in order to verify the previously existing “Tooth model” on peeling 
failure. This database has been collected from the experimental works 
available in literature. Comparison between two simplified methods regarding 
Tooth model has been done based on the collected database. It was decided 
that instead of performing limited experiments, a comprehensive database be 
collected so that it covers various test beams considering that in practical 
points of view it is not feasible to cast and test 684 beams in the laboratory. 
o Modification of the Tooth model in order to be applicable to the case of 
uniform loading and verification of the modified model based on experimental 
available data. 
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o Statistical view of the results and drawing conclusions based on the analysis. 
o General overview of shear failure of plated beams and proposing a model for 
prediction of interface debonding failure. 
o Verification of the proposed debonding model based on experiments collected 
from the literature. 
o Proposing a general premature failure criteria for both steel and FRP plated 
beams and assessment of the criteria based on the collected database. 
1.5 METHODOLOGY 
Studying various works done on behaviour of externally plated beams shows that the 
majority of the works done in this field could be summarised into three general 
categories as below: 
1. Carrying out tests on plated beams and alteration of one or few parameters. As 
a result the effects of those parameters on behaviour of the beam are discussed 
and conclusions are drawn. 
2. Performing finite element analysis of a plated beam. Likewise first category, 
influential parameters on the behaviour of the plated beam is observed. 
3. Proposing theoretical models on behaviour of plated beams. Similarly in some 
models a parametric study is done or the results are compared with computer 
analysis or experimental results. 
Having those categories in mind, two questions concerned the author of this project: 
1. How many tests are enough to draw conclusions about reliability of a 
proposed model? There are various numbers of tests done in each 
published work, ranging from tests done on 3 beams to 300 beams which 
some of them are shown in Table 1.1. Therefore it seems that the number 
of tests done is a selective parameter. 
2. How close should the theoretical results be to the experimental results so 
that a model could be reliable? This question was raised while studying 
works from categories 2 and 3.  
In order to answer the first question, it was decided to collect an extensive database 
covering as maximum number of plated beams as possible; therefore any conclusions 
drawn based on this database could claim to be obtained from a wide range of test 
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beam numbers and design parameters, therefore making the conclusions more robust. 
This target led to collection of a database including 687 plated beams. This is the 
maximum possible which could be collected during this project due to the restrictions 
of published works. For analysis of the premature failure models there are many beam 
parameters included as shown in Appendix A. For instance, 12 parameters are 
necessary for analysis of peeling failure, such as concrete compressive strength, 
concrete clear cover, number of steel bars, plate thickness, tensile strength and 
modulus of elasticity, etc. In many reported tests, there were some parameters missing 
therefore they couldn’t be included in our analysis and automatically were omitted 
from the database. 
In order to answer the second question, it was decided to perform the analysis on the 
collected database and propose a range of safety for the results. A critical parameter 
which is the ratio of experimental to theoretical values was chosen as an indicator for 
closeness of these two values. Range of safety was then proposed for this critical 
ratio. 
In order to achieve the aim and accomplish the objectives stated in section 1.4, as 
stated above, the comparative analysis between theoretical and experimental values 
was chosen as a reliable asset to verify the proposed models, as this comparison deals 
with the real failure loads which happen in practice. As other existing assets for 
evaluation of a model, one can suggest the use of finite element analysis results as a 
reference value for comparison. Computer analysis is a strong tool for comparing the 
theoretical results with, however there is still limited number of beams which could be 
analysed by a finite element package comparing to the wide range of experiments 
available in the literature. Critical review of the experiments done so far by various 
researchers and institutes reveals that an extensive database could be collected 
covering a wide range of beam design parameters. Table 1.1, has an insight to some of 
the test numbers done by some researchers. The database collected in this thesis 
contains 678 plated RC beams, which makes an extensive reference for verification of 
the premature failure models. Casting the same number of beams with various design 
parameters is not feasible in the laboratory considering the economical and time 
related aspects. The database will be not only collected but will be assessed in details 
in order to investigate different parameters which are influential in behaviour of 
externally plated beams. This database also can be used in the future for any kind of 
verification or statistical analysis. 
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As a summary in order to answer the two main research questions and also achieve 
the aim and accomplish the objectives of the project, the chosen method would be 
collecting the extensive database, verifying the premature failure models based on the 
database, assessing different parameters dealing with premature failure and proposing 
a range of safety for reliability of the results. 
Table 1.1 Number of tests done by various researchers 
 
1.6 THESIS STRUCTURE 
The current thesis is organised in five chapters as follows: 
• Chapter 1 explains an introduction on externally plated RC beams describing 
the existing facts about them, summarises the premature failure types and outlines the 
aim and objectives of this project. 
• Chapter 2 includes a thorough and comprehensive review on available 
literature for FRP or steel plated beams. Both experimental and analytical works have 
been studied and explained in summary and then analysed in order to have a better 
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understanding of the reason for proposing a simple criteria for premature failure of 
plated beams. This review helps us to have a better understanding of the behaviour of 
plated beams and assessing the various existing facts about them.  
• Chapter 3 shows the details of the collected database, including all beam 
design parameters and experimental reported failure loads, all gathered in series of 
tables which are placed in the appendices for ease of reviewing. Assessment of two 
previously reported simplified tooth models have been done based on the database 
and comparison of results has been performed by means of statistical demonstrations 
and plots. 
• Chapter 4 has an overview of shear failure of RC beams followed by shear 
failure of plated beams and introduces a proposed model for predicting the interface 
debonding failure load. Verification of the model has been done based on experiments 
done by Heathcote (2004) for investigation of interface debonding phenomenon.  
• Chapter 5 describes the final criteria in order to predict the premature failure 
of plated steel or FRP beams. Verification has been done based on the collected 
database and conclusions drawn based on the statistical demonstrations and 
comparison of experimental and theoretical results. Summary of the work and 
achievements of the project besides recommendations for future work has been 
described in this chapter.  
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Chapter 2 
 
2 LITERATURE SURVEY ON PREMATURE FAILURES OF 
EXTERNALLY PLATED RC BEAMS 
2.1 INTRODUCTION 
This chapter focuses on strengthening of reinforced concrete, i.e., RC, beams with the 
external steel/or FRP plates which has been a common technique since 1960’s.  
Similar to any other strengthening method such as external pre-stressing, external 
plating has its own shortcomings as well, which the premature failure is the one 
targeted in this thesis. Many researchers have worked on the analysis of bond between 
the external plate and concrete surface and have developed analytical models in order 
to explain the debonding of the plate from concrete surface, while some other 
researchers have done experimental work in order to study the premature failure 
phenomenon.  As a method for preventing the end peeling of the plate, use of end 
anchorages has been introduced as an effective tool, however in presence of end 
anchorages in forms of steel bolts or FRP warps around the plate, the occurrence of 
interface debonding failure cannot be avoided in some cases. 
This section has two chapters which focus on the experimental and theoretical works 
done on the behaviour of externally plated R.C. beams. The experiments collected 
from the literature have built the current database in this project to cover a wide range 
of design parameters and to verify and assess the future proposed methods for 
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prediction of the premature failures. This database is a more complete database after 
those collected by Hassanen (2000) and Heathcote (2004). 
In this thesis, the premature failure has been categorized into two major types of (I) 
plate end peeling (peeling) and (II) interface debonding (debonding). During peeling 
failure, part of the concrete cover attached to the main tensile steel bars separates 
from the plate end, while debonding occurs based on shear failure of the beam 
initiating with the inclined shear crack. Therefore in order to analyse the debonding 
failure, it is necessary to focus on shear failure of un-plated RC beams to have an 
overview for predicting the shear failure of the corresponding plated beam.  
Description of the Tooth model developed by Zhang et al. (1995) which is extended 
by Hassanen (2000) and later on by Heathcote (2004) has been covered fully in this 
section, as it is the method used for prediction of peeling failure in the current thesis. 
Tooth model is extended for uniform loading cases in chapter 3. 
2.2 FAILURE TYPES OF AN EXTERNALLY PLATED RC 
BEAM 
2.2.1 FLEXURAL FAILURES 
In an RC beam without external plates, four types of failure might occur; yielding of 
reinforcement (under-reinforced section), crushing of concrete in compression zone 
(over-reinforced section), balanced failure while the yielding of bars happens 
simultaneously with crushing of concrete and finally shear failure being another type 
of failure. Due to addition of external plates to the tension side of the section, these 
modes of failure will consequently extend according to rupture/yield of FRP/steel 
plates. Hollaway (2000) mentions that for studying the flexural failure modes of 
plated beams, the classical reinforced concrete beam theory can be applied, therefore 
the following provisions could be assumed for calculating the stress and strain in the 
plated section: 
(1) Plane sections perpendicular to axis of flexure remain plane before and after 
loading. (2) At the same level through the section, the strains in the bars and concrete 
and also concrete and the plate are equal. (3) Stresses in concrete and plate and bars 
could be calculated using the stress-strain diagram for each of these materials. (4) No 
relative slip between the bars and concrete and also the plate and concrete occurs. (5) 
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Shear deformation in the adhesive layer could be ignored due to its negligible 
thickness. (6) Failure of compressive concrete occurs at a specified compressive strain 
(0.003 or 0.0035 based on the relevant codes in use). 
Hassanen (2000) classifies the possible flexural failure modes of a plated beam into 7 
categories as below: 
1. C--: Crushed compressive concrete. 
2. C-P: Crushed concrete, un-yielded steel bars, yielded steel or ruptured FRP plate. 
3. CR- : Crushed concrete, yielded steel bars, un-yielded steel or un-ruptured FRP 
plate. 
4.CRP: Crushed concrete, yielded steel bars, yielded steel or ruptured FRP plate.  
5.-RP: Un-crushed concrete, yielded steel bars, yielded steel or ruptured FRP plate.  
6 --P: Un-crushed concrete, un-yielded steel bars, yielded steel or ruptured FRP plate. 
7.-R-: Un-crushed concrete, yielded steel bars, un-yielded steel or un-ruptured FRP 
plate. 
For analysis of a plated section, therefore, following the traditional methods of 
calculation, the flexural capacity of the plated section could be obtained according to 
the material behaviour and considering each of the 7 possible modes of failure as 
mentioned above, involving a trial and error procedure. Concrete, steel and FRP 
stress-strain relationship are shown in Figure 2.1, Figure 2.2 and Figure 2.3 
respectively. 
 
Figure 2.1 Stress- strain relationship for concrete according to BS8110 (1985) 
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Figure 2.2 Stress-strain relationship for steel according to BS8110 (1985) 
 
Figure 2.3 Stress-strain relationship for FRP material 
Teng et al. (2001) mention that in the absence of premature failures, strength gain and 
ductility reduction (due to the brittle nature of plates in case of FRP material) are two 
major concerns of strengthening scheme. Another important aspect of flexural 
strengthening is the possibility of shear failure of the strengthened beam which should 
be taken into consideration. Teng et al. (2001) state that the flexural failure of a FRP 
plated beam is still preferable to the catastrophic shear failure of the beam due to the 
brittle nature of it,  therefore should occur prior to the shear failure. 
2.2.2 PREMATURE FAILURES 
As mentioned earlier, premature failures occur in cases where the external plate 
experiences failure in the form of detachment from the concrete surface prior to 
occurrence of the flexural failure of the beam which was described in section 2.2.1. 
Due to premature failure, the beam is unable to reach its predicted increased capacity. 
In case of FRP plated beams, the strengthened beam has a complicated deformation 
mechanism due to the differences in strains of plastic plate and steel bars. The steel 
bars have lower yield strains in comparison with plastic plates. For example for in the 
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FRP database collected in Appendix A, Table A.1, FRP plate rupture strains vary 
from 0.0043 to 0.03 with the mean of 0.015, while the steel bars’ strain varies 
between 0.001 to 0.003 with the mean of 0.002. The ratio of plate strain to steel bars’ 
strain, εp/εs varies between 1.76 to 14.7 with the mean of 6.65.  In many cases, steel 
bars yield before the plate reaches high strains. Premature failures have been 
classified into various groups by different researchers, for example, Teng et al. (2001) 
classifies 4 different categories of (a) concrete cover separation, (b) plate-end 
interfacial debonding, (c) intermediate flexural crack-induced debonding and (d) 
intermediate flexural shear crack-induced interfacial debonding as shown in Figure 
2.4. Teng et al. (2001) mention that two failure types of (a) and (b) can be entitled as 
plate end debonding and failure types of (c) and (d) can be entitled as intermediate 
crack-induced interfacial debonding. 
 
Figure 2.4 Premature failures of a plated RC beam according to Teng et al. (2001) 
On the other hand, Yao and Teng (2007) classify premature failure modes into 
following groups as shown in Figure 2.5: (1) Debonding induced from a flexural or 
flexural-shear crack in the maximum moment region and propagating towards the 
plate ends, called as intermediate crack induced interfacial debonding (IC) as shown 
in Figure 2.5 a. (2) Debonding at the plate end due to a critical shear crack (CDC) as 
shown in Figure 2.5b, plate end peeling due to concrete cover separation as shown in 
Figure 2.5 d and e and plate end debonding due to interfacial shear stresses as shown 
in Figure 2.5f. (3) Debonding due to a combination of critical crack and plate peeling 
as shown in Figure 2.5 c. 
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Figure 2.5 Different debonding failures, from Yao et al. (2007) 
Camata et al. (2007) have a vast classification for different types of failures in plated 
beams. Failure modes of type Cc1mid which is debonding due to high bending moment 
at mid span, Cc2mid due to concrete cover splitting which happens because of a 
combination of diagonal and flexural cracks, Cc3SP in the shear span and due to 
formation of a shear crack  which leads to a displacement between two faces of the 
crack, CC4end at the plate end and due to concrete cover splitting which is induced by a 
combination of shear and normal stresses at the plate end and propagates below the 
steel bars level , CC5end at the plate end and due to debonding at the interface between 
the plate and concrete and propagating along this interface (Figure 2.5). 
 
Figure 2.6 Various failure modes of a plated beam according to Camata et al. (2007) 
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2.2.2.1 PLATE END DEBONDING (PEELING) 
Externally plated RC beams are very likely to fail due to plate end peeling, as this 
type of failure has been reported very frequent in experimental works done by various 
researchers such as Jones et al. (1982), Swamy et al. (1987), Oehlers and Moran 
(1990), Saadatmanesh and Ehsani (1991), Oehlers (1992), Zibara et al. (1994), Zhang 
et al. (1995) and Raoof and Zhang (1997) being the earliest ones. According to Figure 
2.8 the detached peeled plate end carries layers of concrete cover attached to it. 
Detachment rarely happens in the interface (glue line) between the plate and concrete 
as shown in Figure 2.4b because the strong adherent normally keeps the plate and 
concrete glued well and in some cases of poor workmanship the plate can separate 
from the glue line. Pornpongsaroj & Pimanmas (2003) explains the reason for plate 
end peeling in high stress concentration at the plate end because of sudden change of 
stiffness due to presence of the external plate.  Pornpongsaroj & Pimanmas (2003) 
state that a combination of normal and shear stresses at the plate end make an area of 
stress concentration and when the principal stress reaches the tensile stress of 
concrete, a crack appears and propagates aligned with the tensile steel reinforcement 
as shown in Figure 2.7. Oehlers and Seracino (2004) state that during the beam 
bending, the plate tends to remain straight and therefore a crack initiates at the plate 
end due to high shear and normal stress concentration which is due to curtailment of 
the plate. This crack propagates horizontally and parallel to the main internal tensile 
reinforcement of the beam (steel bars) towards the midspan. This type of failure 
occurs with gradual separation of concrete cover. 
 
Figure 2.7 Peeling failure and direction of crack propagation, from Pornpongsaroj & 
Pimanmas (2003) 
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Figure 2.8 Plate end debonding failure (a) FRP plated beam under four point loading (b) 
detached concrete cover, from Teng et al. (2001) 
According to Sebastian (2001), there is zero strain at the free plate end, however the 
adjacent concrete attached to the plate is under stress, the adhesive strains the plate in 
a short distance, therefore large stresses are induced in the plate end in a very short 
length. The shear stress should be equilibrated with a large bond stress, consequently 
the large bond stress is transmitted to concrete in the vicinity of the plate end, leading 
to crack initiation. Sebastian (2001) mentions the free end boundary conditions of the 
plate in which the plate end tends to keep the zero curvature while the beam is bent, 
therefore there is a tendency for the plate ends to peel away from the concrete surface 
as shown in Figure 2.9. 
 
Figure 2.9 Zero curvature boundary conditions in peeling failure, from Sebastian (2001) 
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 In order to find the interfacial stresses there exist various methods based on 
approximate analytical solutions or finite element methods. Majority of the analytical 
solutions assume the uniform distribution of shear and normal stress in the adhesive 
layer along its thickness. Works done on peeling failure such as those done by 
Varastehpour et al. (1997), Malek and Saadatmanesh (1998), El-Mihilmy and 
Tedesco (2001) and Zibara et al. (1994) assume elastic behaviour for the cracked 
concrete, while Leung et al. (2006) showed the errors arising from this assumption by 
testing a CFRP plated beam. Results showed that up to certain amount of load, the 
shear stress along the plate decreased from the end of the plate towards the mid span, 
however, after certain amount of external load, the shear stress distribution totally 
changed its trend as shown in Figure 2.10. 
 
Figure 2.10  Shear stress distribution along the plate, from Leung et al. (2006) 
The drastic change in shear stress according to Leung et al. (2006) is due to the 
initiation of an inclined crack right at the end of the plate which propagates upwards 
form the plate end, this is obviously not a flexural crack (cause there is low bending 
moment near the plate end), and is caused by stress concentration at plate ends. The 
shear forces near the supports affect the crack propagation. Leung et al. (2006) 
mentioned that the shear stress distribution along the plate could be described by 
elastic behaviour of concrete, but after certain amount of loading which induces 
cracks in concrete, it is not correct to assume the same elastic behaviour. The other 
type of plate peeling which occurs in the adhesive interface is generally because of 
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using insufficient and improper adhesives and uneven concrete interface. The 
debonding initiates in a very thin layer of concrete attached to the adhesive. 
2.2.2.2 INTERMEDIATE CRACK DEBONDING 
In contrast to the peeling failure, intermediate crack debonding initiates at a flexural 
or flexural-shear crack toe and propagates towards the plate ends, the detached plate 
carries a very thin layer of concrete attached to it, concrete cover remains attached to 
the original beam as shown in Figure 2.11 and Figure 2.12.  
 
Figure 2.11 Intermediate crack debonding and direction of crack propagation, from 
Pornpngsaroj & Pimanmas (2003) 
Teng et al. (2001) mentioned that the intermediate crack debonding is more ductile 
than the plate end peeling and it happens more frequently in shallow beams. They 
investigated that due to a flexural or flexural-shear crack in tensile concrete, the 
tensile forces are transmitted to the external plate which leads to stress concentration 
at the interface between the concrete and the plate. Stress concentration increases with 
an increase in external load until it reaches the critical stress which leads to debonding 
of the plate. Debonding then propagates towards the nearer plate’s end. In a similar 
approach Oehlers and Seracino (2004) stated that when a crack reaches the external 
plate, due to compatibility, the plate should be strained equal to the crack width, but 
this is not possible, so the crack propagates towards the glue line of the plate and 
consequently shear strain in glue line would be induced. Therefore there will be a 
horizontal crack parallel to the glue line of the plate which is called the intermediate 
crack. This crack propagates towards the end of the plate as shown in Figure 2.13. 
Both Teng et al. (2001) and Oehlers and Seracino (2004) mentioned that for a flexural 
crack, the crack width is effective in propagation of debonding, while for a flexural-
shear crack, the vertical displacement between two faces of the crack affects the 
debonding failure. These cracks can be developed under small loads and join each 
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other until the debonding of the whole plate occurs, therefore this failure procedure is 
gradual. Oehlers and Seracino (2004) stated that this kind of debonding generally 
initiates at the point of maximum moment in the beam. They observed that the 
simplest test to measure the interface shear stress is the pull test, in which a plate is 
attached to the concrete prism, and while the prism is restrained, the plate is pulled till 
the failure of the plate or debonding occurs (Figure 2.14). 
 
Figure 2.12 Interfacial debonding, from Teng et al. (2001) 
 
 
Figure 2.13 Intermediate cracking, from Oehlers and Seracino (2004)  
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Figure 2.14 (a) Single and (b) Double pull test, from Chen and Teng (2003)  
As an output of the pull test, the distribution of shear stress along the plate length ,
intτ , under different pulling loads and also the relationship between intτ  with amount 
of slip in the plate in a specific position along the plate , intδ , could be obtained as 
shown in Figure 2.15. 
 
Figure 2.15 Shear stress along the plate in the simple pull-push test, from and Seracino (2004) 
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According to Oehlers and Seracino (2004, the relationship between intτ  and intδ is 
very important because it shows the propagation of the intermediate crack which leads 
to debonding. The best models have assumed a bilinear relationship between intτ  and 
intδ  which shows an ascending linear part up to a peak shear stress, fτ , and a 
descending linear part which shows the micro-cracking process and stress relief while 
the shear stress reaches zero. The slip at this stage is fδ  as shown in Figure 2.16. 
 
Figure 2.16 Shear stress-displacement relationship in a simple pull-push test, from Oehlers 
and Seracino (2004) 
These bilinear graphs are plotted for each point along the length of the plate. Oehlers 
and Seracino (2004) observed that the peak shear stress reduces from the plate end 
near the loading towards the other end of the plate. Also they declared that rate of the 
reduction of shear is less in points near the loading and it is bigger near the far end of 
the plate. This is because of the interlocking and friction along the debonding crack 
which is a function of normal stress, according to Oehlers and Seracino (2004), 
normal stress is higher near the loading points, and as the cracks propagate rapidly 
towards the end of the plate, there is less stiffening in the ascending branch of the 
curve. They also mentioned that the inclination of the graph in the ascending part, for 
all points along the plate length is the same, because in this part of the graph the 
material behaviour is still elastic and no cracking has occurred yet. 
In order to obtain the final bond-slip curves using the same approach as the pull test 
and analysing the results, there exist two common approaches: Nakaba et al. (2001) 
explained one method as measuring the strains along the external plate. Afterwards 
the shear stress at a specific location could be calculated by obtaining the final slip 
with general integration of the measured shear strains. Finally the bond-slip curve 
along the plate could be plotted. The main problem with this method is the fluctuated 
distribution of shear strain along the plate due to the various formed cracks at concrete 
interface, which leads to obtaining inaccurate shear stress distribution. This method is 
usually titled as bond-slip model and for accurate results, the shape of the bond-slip 
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function should be in correlation with the distribution of shear strain along the plate. 
Nakaba et al.(2001), Savoia et al. (2003) and Oehlers et al. (2004) mentioned that this 
curve has an ascending branch followed by a descending branch (Figure 2.17).  
According to Oehlers and Seracino (2004), another method for obtaining the bond-
slip curve is analysing the load-displacement curves of a beam in the pull test and 
obtaining the bond-slip curve indirectly from the load-displacement curve. The 
deficiency of this model is the possibility of having various bond-slip curves from one 
single load-displacement curve, which makes the analysis unreliable. Despite the 
extensive work done by many researchers on bond–slip behaviour of plated RC 
beams, there are many various bond-slip or bond-strength models proposed which are 
all based on the simple pull out test results, where due to significant differences 
between the real beam under bending moments and the pull specimens, this approach 
doesn’t seem reliable enough to base the debonding theory on the results of pull 
experiments. According to Oehlers and Seracino (2004) this test does not precisely 
represent the beam behaviour but the debonding resistance derived from the test 
would be lower than the tests which present beam behaviour, i.e. the results are more 
conservative.  
 
Figure 2.17 Various shapes of bond-slip curves based on work done by various researchers, 
Lu et al. (2005)  
Sebastian (2001) describes two phases for the intermediate cracking propagation; 
During the first phase (initiation phase) flexural cracks occur in the mid-span 
followed by inclined cracks in the cover zone near the toes of the flexural cracks. 
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Inclined cracking leads to bending of the plate and therefore pulling the cover (Figure 
2.18 and Figure 2.19). This pulling force leads to horizontal cracking of the cover. In 
the second phase (propagation phase), cracking will propagate and the length of the 
horizontal crack in the cover zone will increase and will result in complete separation 
of the cover and plate from the beam surface. 
 
Figure 2.18  Inclined cracking in cover, from Sebastian (2001)  
 
 
Figure 2.19 Pulling force in the cover, from Sebastian (2001)  
Oehlers and Seracino (2004) explained the occurrence of debonding failure according 
to appearance of a single crack which is neither classified as a flexural nor shear 
crack, it is induced in the shear span of the beam due to rigid body motion (shear 
displacement), therefore it deals with the shear capacity of the beam in parts without 
stirrups, or Vc. They explained that when this crack initiates, it leads to the movement 
of concrete section along the crack hence leading to plate separation at the bottom of 
the crack. Regarding the shear type of failure, it would be sudden and brittle, without 
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any warnings (Figure 2.20). The authors mentioned that the existence of stirrups 
cannot prevent the initiation of this type of debonding because it occurs before the 
stirrups reach their yield capacity.  
 
Figure 2.20 Critical Diagonal Crack, from Oehlers and Seracino (2004) 
According to Oehlers and Seracino (2004), in a cracked concrete section without the 
presence of stirrups, shear is transferred by the dowel action of the longitudinal bars, 
Pdowel and also the aggregate interlock contribution. Dowel action is due to rigid 
displacement of the cracked section and hence making the bars transfer the shear by 
the dowel action via bearing against the concrete. Aggregate interlock leads to 
inducing tensile forces in the longitudinal bars, Pbar, which should be in equilibrium 
with a normal force across the crack interface, Pinter according to Figure 2.21. 
 
Figure 2.21 Contribution of elements to the shear strength of concrete, Vc, from Oehlers et al. 
(2004b)  
In a plated beam, the plate has also a contribution in dowel action, although it is 
located farther to the crack than the longitudinal bars. Therefore Oehlers and Seracino 
(2004) stated that despite the small thickness of the plate, it has a role similar to the 
longitudinal bars, and while the crack tends to grow wider, a tensile force such as Pbar 
will be induced inside the plate; PIC (intermediate crack). Therefore as Figure 2.22 
displays, the resistance of the plate to this kind of debonding will depend on the 
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anchorage length of the plate between the root of the crack and plate end, which 
should achieve the effective length. Also it depends on the location of the critical 
diagonal crack. If the anchorage length of the plate equals the effective length, the full 
intermediate crack resistance of the plate could be achieved. 
 
Figure 2.22 Contribution of plate in shear resistance of the beam, from Oehlers and Seracino 
(2004)  
Oehlers and Seracino (2004) stated that the critical diagonal crack in a beam without 
stirrups usually is located between the point of load and the root of the crack which is 
located in the shear span. 
2.2.3 SUMMARY 
In this section, major categories for premature failure of plated beams according to 
literature is explained and summarised. Various categories exist for each kind of 
failure which leads to sometimes confusion of the interested reader, however in the 
current thesis, following the review about different types of cracking and premature 
failure, it was decided to summarise the various groups into two major categories of: 
plate end (peeling) failure and interface debonding failure. Both of these failure types 
cover the majority of premature failures experienced in the tests, because peeling 
failure is associated with the stress concentration at the plate end and debonding deals 
with the shear stress distribution along the plate length or shear cracking of the beam. 
Peeling failure starts with detachment of plate ends from the beam surface and 
proceeds with propagation of peeling towards the mid span, the plate carries a layer of 
concrete cover with itself. Debonding failure happens with detachment of the plate 
from the mid span and propagates towards the plate ends. In the next sections, 
experimental and analytical works related to each category will be explained and 
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summarised in order to analyse different existing analysis models correspondent to 
each type of premature failure. 
2.3 EXPERIMENTAL WORK DONE ON STEEL OR FRP 
PLATED RC BEAMS 
Experimental studies on the behaviour of plated beams, are almost all done for beams 
under four point external loading case. This is because of similarity of the bending 
moment diagram for four point loading to the case of uniform loading which happens 
in practice. On the other hand, four point loading is a suitable loading case to 
demonstrate a combination of shear forces and bending moments. Ease of simulation 
in the four point lading case in the laboratory is another reason, as simulating the 
uniform loading case is more complicated. Majority of the experimental work on 
plated beams focus on change of different parameters followed by studying the effect 
of those parameters on plated beam’s behaviour. Parameters such as bond length of 
the external plate, plate’s geometry, plate’s material, internal steel reinforcement ratio 
and end anchorages cover the majority of the variables. In the following section, it 
was decided to explain various experimental works in order to demonstrate a 
summary of research done on behaviour of plated beams. 
Jones (1980) performed tests on steel plated beams to verify the effects of shear span 
to depth ratio on beam’s behaviour. The space between applied loads was changed in 
order to have shear span to depth ratios of 1.7 to 3.7. The results showed that beams 
with shear span to depth ratio (a/d) of 3.7 failed in flexure due to crushing of concrete 
while beams with this ratio from 1.7 to 2.4 failed in shear. In beams with a small a/d 
ratio close to 1.7, shear cracks appeared near the supports and propagated towards the 
compression zone of the section. 
MacDonald (1982) carried out four point loading tests to study the behaviour of 
beams with external steel plates. Two types of failures were observed in Macdonald’s 
work; one ductile failure leading to crushing of the compressive concrete without 
peeling of the external plate which occurred with progressive deflection of the beam 
without increases in the applied load (flexural failure according to section 2.2.1) and 
one due to external plate peeling which according to the author happened in a faster 
rate than the first type of failure. Macdonald mentioned that the stiffness of the epoxy 
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used in strengthening scheme has no significant effects on the behaviour of the plated 
beam. One worth mentioning fact observed in Macdonald work was the effect of a 
crucial parameter in occurrence of plate premature peeling failure. This parameter was 
the ratio of plate width to its thickness, b/t. In the beams with large values of b/t (wide 
plates) the failure occurred in the ductile manner and for the beams with low b/t 
(narrower plats), the failure type fell into the peeling category. The reason behind this 
fact according to the author is that wide plates reduce the shear stress and remain 
bonded to the concrete surface and due to lower stiffness they reduce the peeling 
stress, while narrow plates increase the horizontal shear stress which leads to failure 
in concrete surface. However in wide plates, the total stiffness of the beam is reduced, 
therefore Macdonald suggested a critical value for b/t which prevents the peeling 
failure but at the same time provides a sufficient stiffness for the plated beam. This 
critical ratio of b/t is 60. It is the lower limit to assure the prevention of brittle 
premature failure. It was concluded in his work that the ultimate load which initiates 
the first crack has an 80% increase with the use of an external plate.  
Swamy et al. (1987) carried out tests in order to study the effects of cracking 
characteristics, serviceability, cracking initiation and final strength of the steel plated 
beams. Their work showed that application of external plates increase the ultimate 
flexural capacity and reduces the cracking and deformations. The external plate had a 
stiffening effect on the plated beam which led to reduced deformations of the 
strengthened beam. The authors also introduced the b/t ratio of 50 so that for beams 
with b/t less than 50, peeling failure will be the dominant premature failure.  
In another experimental study done by Swamy et al. (1989), damaged beams were 
tested in order to investigate the plating technique. For this purpose, the test beams 
were initially pre-loaded up to 30, 50 and 70 percent of the flexural capacity of the 
un-plated beams. After external plating, the results showed increased stiffness and 
ultimate strength for the plated beams. 
In a vast experimental work done by Oehlers and Moran (1990), a series of 57 
externally steel plated beams were cast, 12 of which were pre-cracked prior to plating. 
The pre-cracking load was variable up to 60% of the beam’s ultimate flexural 
strength. Most of the beams failed in a premature plate separation (peeling) mode 
initiating with a flexural crack at the plate end and progressing with occurrence of a 
horizontal crack at the level of internal steel reinforcement. The authors reported that 
the pre-cracking and pre-cambering of the specimens had no significant effects on the 
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peeling strength of the plated beams. They also concluded that in beams with the 
external plate partially covering the width of the beam (bp < b), peeling strength was 
higher than the specimens in which the plate covered total width of the beam. An 
interesting point was the effects of plate thickness and plate length in delaying the 
peeling failure; the thinner the plate and also the closer the plate end to the support led 
to delayed occurrence of peeling failure. 
Ehsani and Saadatmanesh (1990) set up large scale beams in order to verify the 
feasibility of strengthening RC beams with FRP plates. They observed that addition of 
the external plate makes the width of the flexural cracks smaller and also increases the 
first cracking load to twice the amount of the correspondent load in the control beam. 
However, their work needs more experimental and theoretical verification in details, 
as it includes only general aspects of the externally plated beams’ behaviour. 
Later on in another experimental work by same authors, Saadatmanesh and Ehsani 
(1991) studied the behaviour of FRP plated RC beams. The main variable in their 
work was the internal steel reinforcement ratio. Three different ratios were used and 
one of the test beams was under-reinforced for shear. For beams with lower steel 
reinforcement ratio, the flexural strength had a significant increase. External plating 
reduced the crack widths and also the ductility of the strengthened beams. 
Ritchie et al. (1991) experimental work on FRP strengthened beams showed that 
application of FRP plates increases the ultimate flexural capacity and strength but due 
to brittle nature of FRP material, the ductility of the beam is reduced. 
In an experimental work done by Sharif et al. (1994), focus was made on preventing 
the premature failures of FRP plated beams especially those initiating at the plate 
ends. A series of 10 beams were cast and strengthened with FRP plates but they were 
pre-cracked by applying the external load equal to 85% of the ultimate load capacity 
of the beam in order to observe the behaviour of pre-cracking. The effect of plate 
thickness and anchorage system on behaviour of the strengthened beam was also 
studied. The results showed that in beams with thicker external plates, the shear and 
normal stresses at the plate ends are higher which leads to premature peeling failure. 
An important fact in the experiments was the effect of end anchorages in prevention 
of peeling failure. In beams with steel bolts at the plate ends, peeling failure was 
ceased, however beams failed due to diagonal cracking. It was observed that even 
though the FRP material has a brittle behaviour, strengthened beams showed 
sufficient ductility.  
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Jansze et al. (1996) tested steel plated beams to study the effect of end anchorages and 
also plate’s bond length. Tests showed that beams with longer plates in the shear span 
gained more strength than those with shorter plates. A noticeable diagram is the 
procedure of crack propagation prior to peeling as shown in Figure 2.23. It is very 
important that instead of analysing the final crack patterns in a failed beam, crack 
initiation and propagation be taken into consideration. 
 
Figure 2.23 Crack patterns prior to peeling failure in a steel plated beam, Jansze et al. (1996) 
Crack I was initiated at the plate end and then it propagates towards forming shear 
crack II, while horizontal crack III simultaneously propagates at the internal 
reinforcement level followed by plate gradual separation which leads to the failure of 
the beam and appearance of inclined cracks IV. This crack pattern happened in all the 
plated beams regardless of the external plate length. Application of end anchorage in 
the form of steel bolts couldn’t stop initiation of crack I but they the bolts restrained 
the cracks therefore prevented the peeling failure and increased the failure load in all 
test beams. However the plate separation occurred at the plate concrete interface 
(interface debonding). 
Takedat et al. (1996) performed two series of four point bending tests on CFRP plated 
beams. The tests showed that the increased ultimate flexural capacity was about 1.9 to 
2.4 of the un-plated beam capacity, also the flexural capacity increased with increase 
in the number of sheets. However the increase seemed to be saturated with further 
increase in the number of layers due to separation of layers after some certain level of 
stress. The flexural rigidity of the strengthened beams also increased while the 
deformation capacity decreased with increasing the number of sheets. A noticeable 
observation in Takeda et al. (1996) work is that they observed the crack patterns 
during the tests. Their experiments showed that the cracking load for plated and un-
plated beams doesn’t differ much, therefore plating has no significant effect on 
initiation of cracking, multiple flexural cracks were developed in strengthened 
specimens and the final failure occurred due to separation of the plates (peeling). This 
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premature failure led to a final capacity of the beam less than the calculated and 
expected capacity. There existed a pre-cracked beam in the specimens as well, but as 
it was observed, the existence of cracks prior to application of the external sheets had 
no significant effects on the behaviour of the strengthened beam.  
Pilakoutas et al. (1997) carried out tests on 12 steel plated beams in which all of the 
beams failed due to plate separation, except one beam which failed in flexure. This 
beam was heavily strengthened with stirrups to avoid the shear failure and also had a 
special anchorage technique over 750 mm of the plate length, the flexural failure 
therefore might have been due to one of these special strengthening schemes or a 
combination of both. Pilakoutas et al. (1997) then concluded that with increase in the 
area of steel bars and external plate which is the total tensile reinforcement area, the 
shear capacity of the strengthened beam will increase. They also reported that use of 
external plates decreases the tensile strains in the internal steel reinforcement and also 
decreases the beam deflection. 
Garden et al. (1997) carried out several experiments on CFRP strengthened beams to 
study the effects of some parameters such as plate aspect ratio which is the plate 
width divided by plate thickness, shear span to depth ratio and plate end anchorage 
system for FRP plated strengthening system. All beams the failed due to peeling. The 
thicker plates carried thicker cover while the narrower plates carried less amount of 
concrete cover. Also it is noteworthy to mention that the shear cracks were developed 
more in the plated beams than the control beam. In plates with end anchorage, peeling 
didn’t occur at the plate ends but debonding occurred throughout the plate length. The 
ductility of the plated beams increased as well. The beams with end anchorage 
reached higher ultimate moment than the beams without end anchorages.  Another 
important observation was the contribution of external plates in carrying the load after 
steel yielding, i.e., the increase in ultimate moment was larger than increase in the 
yielding moment of steel bars. After yielding, the load deflection curve of the un-
plated beams had a horizontal shape, confirming the fact of stiffness loss due to 
yielding of steel bars, however, the load deflection curve for plated beams had an 
ascending pattern showing the contribution of plates after yielding of steel in resisting 
the deformations. Another conclusion was that the external plates help the steel bars 
to carry less strain, hence the width of the tensile cracks is less than an un-plated 
beam, which is a noticeable fact in terms of serviceability aspects. 
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18 plated beams which 10 of them were pre-cracked up to 30% of the ultimate failure 
load were tested by Arduini and Nanni (1997). A debonding failure for the single 
layer plated beams occurred, which initiated in the constant moment zone due to a 
bond crack and propagation of this crack towards the plate end, but a premature 
peeling failure was observed for beams strengthened with double layer of plates. The 
plate area did not affect the ultimate strength of the beam proportionally. The amount 
of internal steel reinforcement and also the shape of the section was a controlling 
parameter in effectiveness of external plates as a strengthening scheme. Pre-cracking 
had no significant influence in the behaviour of the strengthened beam. 
Juvandes et al. (1998) tested 10 small scale beams strengthened with FRP plates. In 
beams which had end anchorages, the ultimate strength was higher than the other 
beams because of halting the peeling failure. The authors mentioned the crucial effect 
of bond in the final strength of a plated beam; deterioration affects the properties of 
the bond especially the shear capacity.  
Garden and Hollaway (1998) performed tests to study the effect of bond length on 
behaviour of FRP plated beams.  All the beams failed due to peeling of the plate, 
while the layer of concrete cover attached to the plate, and the length of peeled plate 
depended on the shear span to depth ratio of the beam. Shear cracks occurred more 
than the un-plated beam, due to higher strength of the plated section.  The final 
flexural strength of the plated beam increased with increasing the shear span to depth 
ratio. In beams with low shear span to depth ratio, due to high shear stress at the plate 
interface with concrete, cracking of the concrete occurs because it is the weakest 
material at the interface. Stiffening effects of external plates was more significant in 
beams with heavily damaged ratios. 
Four large-scale CFRP plated R.C. beams were tested by Spadea et al. (1998) under 
four-point loading, two of the beams had end anchorages at the plate ends and also 
side anchorages through the plate length in the shear span.  Application of the external 
plate led to a significant reduction in deflection at the failure load. Beams with end 
and side anchorages showed a more ductile behaviour and also larger failure load than 
the one without them. In terms of structural behaviour, beams with anchorages 
showed 30-65 % increase in ductility in comparison with the un-plated beam and 20-
30% increase in comparison with the plated beams without anchorages. Failure type 
was explosive debonding of the plate in the beam without end anchorages and 
debonding of anchorages in other beams. An important observation was the effect of 
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end and side anchorages; in the beam without any anchorages, the plate strain reached 
only 50% of its ultimate tensile strain at failure, while in the beam with end 
anchorages, the plate reached 73% of its ultimate tensile strain and finally in the beam 
with both end and side anchorages, 86% of the plate’s ultimate tensile strain was 
reached. Therefore side and end anchorages led to better utilization of the external 
plates. 
Ashrafuddin et al. (1999) carried out tests on 23 externally steel plated specimens in 
order to investigate the critical diagonal crack failure in plated beams. The beams 
were all cracked prior to application of the external plates. The specimens were 
categorized into two groups, one with the shear capacity higher than the flexural 
capacity and the other group with the flexural capacity higher than the shear capacity. 
The authors focused their study on effects of plate thickness, the stirrups spacing and 
the location of plate curtailment on behaviour of plated beams. For the first group of 
beams, it was observed that the increase in plate thickness resulted in change of 
failure mode from ductile flexural failure to premature failure due to peeling. Also the 
spacing of the shear links had no significant effect in flexural failure mode while 
reducing the spacing led to higher ultimate strength in specimens with the premature 
failure. The effect of plate curtailment was also observed and specimens in which the 
plate was cut farther to the supports, the possibility of brittle failure increased. For the 
second type of the beams, which were weak in shear, the diagonal tension failure 
mode was observed. Although peeling cracks were initiated in this group of beams, 
the authors mentioned that due to sufficient amount of tensile reinforcement, the 
peeling cracks were avoided to join the main flexural cracks, therefore peeling failure 
was ceased. In this group of beams, the distance of plate end to the support had no 
significant effect on the failure mode of the plated beam. The authors concluded that 
for beams in which the flexural capacity is higher than the shear capacity, failure will 
be the diagonal tension type, while for beams which are weak in flexure (shear 
capacity higher than the flexural capacity), failure mode will be either ductile flexural 
failure or premature peeling failure. 
In a study done by Ross et al. (1999), 24 large-sale CFRP plated R.C beams were 
tested in order to investigate the effect of tensile steel ratio, ρs, changing in the range 
of 0.46% and 3.3%. The beams were tested under four point loading. The results 
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showed debonding of the plate for the low values of ρs , and crushing of concrete in 
the compressive zone for the beams with higher values of ρs. 
Fanning and Kelly (2001) analysed the nature of peeling failure by considering 
different FRP plate bond lengths in the shear span of the RC beam. 10 large scale 
beams with 3.0 m span length were tested, starting with external plates covering the 
whole shear span and then decreasing the plate bond lengths.  The plated beams 
showed increased strength but decreased ductility in comparison with the control 
beams. All beams in which the plate covered the whole shear span, failed in shear 
failure without premature failure. All other beams failed in peeling failure initiating at 
the plate ends at loads near to the shear capacity of the control beam. Beams with 
longer lengths of external plates also failed in a higher ultimate load than those with 
shorter external plate lengths. There is an important observation in Fanning and Kelly 
(2001) work which shows that in all beams, peeling occurred at the same strain level 
in the external plate regardless of the strengthening scheme. However the authors 
recommended further research in order to verify this observation. 
Ahmed et al. (2001) tested nine beams to observe the debonding and cover 
delamination failures in FRP plated beams. The specimens were all tested under four 
point external loading. The variables in the tests were the length of the plate in the 
shear span and the number of the laminate layers while the plate width was kept un-
changed. An increase in the plate length (i.e., decrease in un-plated length) led to 
changing of failure mode from shear failure at the plate end to peeling failure. 
Therefore the un-plated length of the beam was found to play a key role in the 
ultimate load of the plated beam. On the other hand, decrease in un-plated length led 
to reduction in bond stress. The authors then suggested that the maximum limit for the 
interfacial stress between plate and concrete should be the concrete tensile stress. In 
terms of laminate thickness, the authors reported that with a constant plate width, an 
increase in thickness will change the failure mode of the beam from a ductile failure 
(which is tensile reinforcement yielding simultaneous with crushing of concrete) to 
premature peeling failure and with further increase in plate thickness, the failure 
moves towards the debonding type. 
Pornpongsaroj & Pimanmas (2003) tested eight FRP plated beams. Their experiments 
showed that the bond length of the plates in shear span affects the peeling failure and 
longer plates are less peeling prune. The authors stated that plates which are cut closer 
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to the support might have a vertical restraint due to the support reaction, therefore the 
normal and shear stresses at the plate end are smaller. Also in beams with end 
anchorages in the form of FRP strips, the ultimate strength of the plated beam was 
higher than those without end warps. End warps therefore stop the peeling failure but 
in that case occurrence of debonding failure was more possible. Experiments showed 
that the prediction of interface debonding load and location is very difficult. The side 
warps in the forms of X or L prevented all forms of premature failure (peeling or 
debonding) and the beam could reach the highest strength. 
Pham and Al-Mahaidi (2004) did an experimental work on total of 16 FRP plated RC 
beams. Major variables in their tests were external plate’s length, area of the tensile 
reinforcement, concrete cover, thickness of the external plate and the amount of shear 
reinforcement. The plated beams were being clamped at the end of the external plate 
at one end and free at the opposite end. After yielding of the tensile steel 
reinforcement, the beams with higher amount of external plate area, showed higher 
stiffness. Almost all beams failed due to debonding of the external plate. In order to 
assess the effectiveness of external plates, a dimensionless parameter equal to the 
ratio of the debonding force (experimental value) over the maximum capacity of the 
plated beam calculated by traditional beam theory was introduced. Parametric studies 
then showed that beams with larger plate area, do not necessarily show higher 
strength. It was interestingly shown than the higher the plate stiffness to steel 
reinforcement stiffness (AfEf /AsEs), the lower the ratio of the dimensionless parameter 
as shown in Figure 2.24 a. This means that the experimental debonding load greatly 
differ from the expected strength of the plated beam. Another investigation was that in 
beams with larger plate’s bond length in the shear span, the debonding failure load is 
closer to the expected plated beam capacity as shown in Figure 2.24b. It was also 
shown that the amount of shear reinforcement and concrete cover have no significant 
effects on the behaviour of the plated beam. One other finding is that the end clamps 
help to avoid the end debonding but not the mid-span debonding. 
Brena and Macri (2004) brought in to attention the distribution of strains throughout 
the beam and plate, to check if the local cracks and stress concentrations can affect the 
general behaviour of the plated beam. To fulfil this target, 16 small scale RC beams 
externally plated with CFRP laminates were tested. In all configurations, the area of 
the external plate varied by width or thickness of the laminates. The major failure 
types observed were mid span debonding or peeling of the plate at the end side. The  
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Figure 2.24 (a) Role of plate stiffness to steel bars stiffness ratio in debonding load of plated 
beams, (b) Effect of plate bond length in shear span in debonding load of the plated beam, 
from Pham and Al-Mahaidi (2004) 
deflection in beams with wider plates was larger than the beams with less plate width 
(up to 60%), also the yield and ultimate loads were increased for specimens with 
bigger plate area (i.e., same width but increased layers for laminates). Focus was 
made on the strain distribution especially at cracked locations of the beam (where 
cracks existed prior to the plate application, due to service loads, etc.). After locating 
strain gauges and observing the results, it was shown that there is no specific 
relationship between the general beam behaviour and the local strain distributions, as 
there is a large variability of strain throughout the beam due to local cracks, widening 
of the cracks, and the conditions of the adhesive layer and concrete surface.  
Considering the numerous experimental work on externally plated RC beams, 
majority of these experiments cover rather small scale beams. Scale factor could be a 
very important issue in comparing the test results and making conclusions for the 
large scale beams. Khomwan and Foster (2005) tested eight CFRP plated beams with 
the span of 6500 mm. The variables in tests were concrete compressive strength and 
the amount of pre-damage to beams prior to application of the external plates. The pre 
damage degree for some specimens was about 80% (which is considerably a large 
value in terms of beam efficiency). All beams failed in intermediate crack debonding 
initiating from the mid span, i.e., the maximum moment region. External plates 
increased the ultimate strength up to 35-50% in comparison with the un-plated beams. 
Interesting observation in the tests is that, the pre-damage degree didn’t significantly 
affect the final strength of the plated beam. A useful observation in this study was 
monitoring the slip between the plate and concrete surface in one of the beams, which 
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was calculated by measuring the differences of displacements between the concrete 
and the plate. The elongation was calculated by multiplying the strains read from the 
strain gauges to the gauge length. As discussed earlier, most of the bond slip studies 
existing in the literature are based on the results of pull out tests; hence, having the 
slip measurements along the real beam would lead to more precise conclusions. 
Results showed that the slip decreases towards the end of the plates, therefore less 
bond is required at the ends, but bond required in constant moment region is more. 
Maalej and Leong (2005) studied the effect of variables such as beam size and the 
external plate thickness on the failure modes of FRP plated RC beams, they also 
observed the stress concentrations near the curtailment point of the plate. For this 
purpose a total number of 17 FRP plated beams were tested. All plated beams showed 
an increase in ultimate strength in comparison with un-plated beams and the observed 
failure mode was reported as mid span debonding of the plate. The results showed 
that the strength increase is not affected by beam section dimensions, i.e., the ratio of 
final strength of plated beam to control beam is quite similar for all categories, but the 
deflections for larger beams are more than smaller beams. Also the shear stress study 
showed that the maximum interfacial shear stress occurs at the plate cut off points.  
Leung et al. (2006) focused their experiments on the debonding failure. 8 FRP plated 
beams of different sizes were tested and the results showed non proportional 
relationship between the debonding strain and plate thickness. For example when the 
plate thickness increased four times, the debonding strain was reduced only by 20%. 
However some existing theories such as those done by Taljsten (1996) and Chen et al. 
(2001) showed that the maximum debonding force and the square root of the plate 
thickness have an inverse relationship. Leung et al. (2006) then stated that these 
models take into account only the main crack initiating the debonding and they ignore 
the other existing cracks along the beam, therefore the effects of discrete cracking 
along the beam is very crucial. However, Leung at al. (2006) conclusions are only 
validated based on experiments done on 8 beams with the same concrete and external 
plate material, while due to vast variety in parameters affecting the plated beam 
behaviour, more experimental verifications seems necessary. 
Benjeddou et al. (2007) carried on experiments on 6 FRP plated beams in order to 
study the effect of pre-cracking and also width of external plates and type of concrete. 
The pre-cracking however was a large amount equal to 80% and 90% of the un-plated 
beam strength where beams were pre-loaded prior to plating. For wide plates peeling 
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was the dominated failure and for narrow ones (half the width of the wide ones), 
interface debonding was the observed premature failure. The authors explained that 
for wider plates, the contact area between the plate and concrete surface is stronger 
than the narrow plates. In damaged beams, the role of plating was very significant in 
terms of adding stiffness and increasing the final failure load. The damage degree had 
no effects on strength gain of the plated beam. Another result was the insignificant 
effects of concrete strength in rigidity of the plated beam in comparison with the 
plate’s characteristics. 
Yao and Teng (2007) tested 10 FRP plated and one steel plated beam. External 
loading case was three and four point loading. In case of four point loading, plate end 
debonding occurred for all beams. The authors used the concept of axial rigidity per 
unit width of the plate and observed the effect of this term on failure type of the plated 
beam. Based on their description, axial rigidity is equal to Eptp (plate modulus of 
elasticity times the plate thickness). Their experimental work showed that the beam 
with smallest axial rigidity (amongst other specimens) reached higher failure loads. In 
other words, in beams with thicker external plate and cover, the debonding load is 
smaller. However, this general conclusion needs more clarification in terms of 
proposing a range for limits of axial rigidity, as it is a comparative term for various 
plates. It was also shown that in beams with small ratio of plate width to beam width, 
the external plate has a decreasing effect on final failure load of the beam. In 
specimens under three point loading, three type of failure were observed: (I) Concrete 
cover separation starting either by a shear crack outside the plate cut-off point or near 
the plate end in the plated section. In the former type, the crack propagated towards 
the plated section and to the level of steel re-bars, while in the latter, failure was 
sudden and brittle. (II) Intermediate crack debonding (IC), in which the debonding 
initiated from a flexural crack at the maximum moment region. (III) Critical crack 
debonding (CDC) which initiated from a diagonal crack in the shear span of the beam, 
The authors mentioned that this crack is a flexural crack in the shear span and it 
gradually turns into an inclined crack which propagates towards the loading point. In 
these specimens, the shear links were not present and inclined cracks were created 
because of lower shear capacity of the un-plated beam in comparison to its flexural 
capacity. It is worth mentioning that, the authors considered the shear capacity of 
these kind of beams equal to shear capacity of the correspondent un-plated beam, i.e., 
they explained that the external soffit plate has no contribution in shear capacity of the 
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plated beam. The shear capacity of the un-plated beam has been considered as a lower 
bound for the failure load of the plated beam. However, as will be discussed later in 
chapter 4, the effect of the external plate in shear capacity of the plated beam will be 
analysed more in details. Yao et al. (2007) have used some general terms in their 
conclusion section, which seem vague to the author, terms such as sufficiently wide 
external plates or stiffer plates are used to express the relationship between the final 
failure load of the plated beam and plate specifications, but the reference to this 
comparative terms is not stated properly, i.e., as stated earlier, recommending a 
numerical limit for these comparative ratios seems essential. 
Camata et al. (2007) carried out an experiment on plated beams and slabs, the results 
for strengthened FRP plated beams showed that after debonding of the external plate, 
all beams reach the same capacity equal to the control beam and the external plate 
increased the strength of the control beam up to 35%. However, the small ratio of the 
plate width to the beam width (50mm plate width and 200 mm beam width) might 
make the results not very comparable to the real strengthening schemes available in 
practice. A finite element analysis of the experiments was also done, using a smeared 
crack model for the concrete (Rankine smeared crack model, in which cracking 
occurs when the principal stresses is larger than the tensile strength of concrete and 
it’s perpendicular to the principal stress direction), and it showed good correlation 
with the experimental results. Their analysis showed that for short FRP plates, failure 
initiates at the plate curtailment, while for long FRP plates, the debonding failure at 
the mid-span is the dominant failure, however, there is no specific definition for a 
short and long plate. They also concluded that the smaller the ratio of the plate width 
to the beam width, the less possible peeling failure.  
Esfahani et al. (2007) mentioned the effect of steel reinforcement ratio on the 
debonding failure of CFRP plated beams, they stated that debonding of the plate 
depends on the crack width and spacing which is dependent on the reinforcing bar 
ratio. A total of twelve CFRP plated beams with different reinforcing bar ratios were 
tested. Different steel bars of sizes 8,10,12,16 and 20 mm were used in the tests with 
three beams correspondent to each bar size. In all test specimens, the flexural strength 
of the plated beam increased due to application of the plate and with increase in 
reinforcing bar ratios, the flexural strength was increased. 
Aram et al. (2008) tested three CFRP plated beams. The external plate tensile 
strength and modulus of elasticity varied for the beams in order to assess the effects of 
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different plate strengths on failure modes. The failure loads were nearly the same for 
all three beams. All plated beams showed around 100% strength increase in 
comparison to the control beam. A tensile strain and shear stress limitation was 
proposed by the authors to avoid debonding in plated beams, the plate strain should be 
limited to 0.008 to avoid debonding at flexural cracks and shear stress should be 
limited to tensile strength of concrete in locations with high shear loads.  
Sharma et al. (2008) focused their work on the mechanism of critical crack 
debonding, i.e., the brittle debonding induced by a diagonal shear crack. They studied 
the effect of plate stiffness in mobilizing the stirrups to resist the shear crack. The 
results showed that in beams with stiffer external plate, the debonding of the plate 
from the concrete surface will happen earlier therefore the stirrups are avoided to 
mobilize against shear. On the other hand with flexible external plates, the 
contribution of shear links in resisting the shear force will be more than the case of 
stiff plates. Seven RC strengthened beams with FRP plates of different elastic 
modulus were tested. In order to assess the effects of shear links, two categories of 
test beams were cast, one with shear links in the shear span and one without shear 
links in the shear span. Test beams without shear links, all failed in the critical crack 
debonding mode. A shear crack was first initiated near the plate end and propagated 
towards the external load location. With increase in the external load, a horizontal 
crack was created along the internal steel bars level and debonding occurred with 
separation of the plate and shear failure of the beam at the same time (Figure 2.25). 
This observation is very useful in understanding the behaviour of shear failure of 
plated beams, because majority of the experimental works are done on RC beams 
reinforced with shear links (in order to avoid the shear failure of the beams and 
observe the flexural failure of plated beams). 
 
Figure 2.25 Inclined shear crack at the plate end and the horizontal propagated crack in beams 
without stirrups, from Sharma et al. (2008) 
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Ceroni and Pecce (2009) tested 28 FRP plated beams in order to study the 
serviceability and crack widths in the strengthened beams. The variables were section 
dimensions, internal steel reinforcement ratio and the beam span. Comparing the 
cases in which steel reinforcement stress was equal showed that in beams with more 
external plate ratio, the crack widths were less. Siddiqui (2009) performed 
experiments on FRP plated beams with and without end anchorages (in the form of U 
wraps). The strengthened beams had a higher failure load but lower ductility in 
comparison with the un-plated beam. Also end anchorages led to higher strength gain 
in comparison with the beams without them. 
Ceroni (2010) set up an experimental work, testing 12 plated beams having different 
cross section, steel reinforcement ratio and span length. The results showed that for 
beams with shorter plate length in the shear span, less strength increase was observed 
and also peeling failure was more possible to occur. In Beams with U-wrapped FRP 
strips, peeling failure was halted, allowing the beam reaching a high ductility in 
comparison with beams which failed in premature failures. 
El-Ghandour (2011) tested different strengthening schemes for FRP pated beams, 
including end warps and side warps to study the failure mechanism. The external 
plates led to more uniform cracks patterns with small crack widths in comparison to 
non plated beam. The beam with end warps failed due to FRP rupture and crushing of 
the compressive concrete without any premature failures. 
2.3.1 DISCUSSION  
Various experimental works explained in the previous section, covered effects of 
different parameters on behaviour of steel or FRP plated beams. Parameters such as 
mechanical properties of external plates, strength of concrete, plate geometry, end 
anchorages and bond length of the plate. The experiments showed that application of 
the external plates increases the stiffness and ultimate strength of the beam, reduces 
the ductility of the beam and decreases the tensile strains in concrete because of the 
composite action. Oehlers and Moran (1990), Sharif et al. (1994), Takeda et al. 
(1996), Garden et al. (1997), Arduini et al. (1997), Ashrafuddin et al. (1999), Ahmed 
et al. (2001) and Yao et al. (2007) all mentioned that for beams with thicker plates, 
the peeling failure is more possible to happen and peeling strength decreases with 
increase in thickness. Jansze (1996), Fanning et al. (2001), Ahmed et al. (2001), 
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Pornpongsaroj & Pimanmas (2003), Pham et al. (2004), Camata et al. (2007) observed 
that pates with longer length in shear span have higher peeling strength than the ones 
with shorter length while Ashrafuddin et al. (1999) stated that plate’s length had no 
significant effects on peeling load. In terms of steel reinforcement ratio, ρs, 
Saadatmanesh and Ehsani (1991) and Esfahani et al. (2007) declared that beams with 
lower ρs ratios gain more ultimate strengths. While according to Ross et al. (1999), 
low values of ρs leads to debonding of the external plate. Almost all experimental 
works showed that external plating will lead to less crack widths and a more uniform 
crack patterns. It also reduces the beam deflections. Likewise, majority of the 
experimental works showed that pre-cracking had no effects on final strength of the 
plated beam. According to Yao et al. (2007) plates with larger stiffness, Eptp, gain 
more final strength than those with less stiffness. Oehlers and Moran (1990) and 
Camata et al. (2007) addressed the effect of plate width in comparison with the beam 
with, bp/b, and observed that in beams with smaller plate widths, the ultimate strength 
will be higher. Macdonald (1980) and Swamy et al. (1987) reported minimum limits 
of 60 and 50 for ratios of plate width over its thickness, bp/tp, in order to avoid 
peeling. Having all of these investigations in mind, it could be concluded that 
majority of the experimental works, have demonstrated general statements about 
influence of the different parameters on the behaviour and final strength of the beams. 
There are no specified numerical limits for each observation. For example as stated 
before, thick plates will make the plated beam more vulnerable to peeling failure but 
there is an ambiguity that how thick or thin should be a plate in order to have an 
effective strengthening scheme. Similarly this question will rise in mind about the 
optimum plate length, strength and dimensions. Therefore, after studying the 
experimental works, it was decided to have a thorough study on theoretical works 
done on premature failures where the peeling or debonding loads could be determined 
in form of equations. As a result, the effect of any variable could be studied on 
behaviour of the plated beam by a parametric study.  
Another noteworthy issue is the number of experiments done in each published work, 
where conclusions are drawn based on the behaviour of beams in those tests. For 
example Oehlers and Moran (1990) tested 57 beams, Ceroni and Pecce (2009) 
performed experiments on 28 beams while Yao et al. (2007) tested 10 beams. This 
was a matter of concern while reviewing the literature and raised a question that how 
 2. LITERATURE SURVEY ON PREMATURE FAILURES OF EXTERNALLY PLATED RC BEAMS 
44 
 
many test beams is sufficient enough to draw conclusions. Therefore it was decided to 
collect a database including maximum possible beams so that it includes 
comparatively higher number of test beams than the databases existing in the 
literature. This will be discussed in section 3.1. 
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2.4 ANALYTICAL MODELS ON PREMATURE FAILURE OF 
EXTERNALLY PLATED RC BEAMS 
There has been huge amount of work published on analysis of bond between the 
external plate and concrete surface either with experimental or analytical studies in 
order to analyse premature failures. Some analytical works are accompanied with 
experimental verification which makes the theory stronger. In this section, analytical 
works are reviewed based on the premature failure categories; peeling and debonding 
failure. A summary of analytical works done on premature failure is demonstrated in 
Table 2.1. 
 
Table 2.1 Analytical models on premature failure of externally plated RC beams 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ANALYTICAL MODELS ON PREMATURE FAILURE 
DEBONDING PEELING 
ANALYSIS OF 
INTERFACIAL STRESS 
ANALYSIS OF SHEAR 
STRENGTH 
-Tirantafillou and Plevris (1992) 
-Taljsten (1994) 
-Plevris et al.(1995) 
-Hiroyuki and Wu (1997) 
-Sebastian (2001) 
-Teng et al. (2001) 
-Lee and Moy (2007) 
-Rozenboom and Rizkalla (2008) 
-Cui et al. (2009) 
-Krour et al. (2010) 
-Ombres (2010) 
-Zhang and Teng (2010) 
 
 
 
-Roberts (1989) 
-Zibara et al. (1994) 
-Varastehpour and Hamelin (1997) 
- Raoof and Zhang (1997) 
-Wang and Ling (1998) 
-Saadatmanesh and Malek (1998) 
-Tumialan et al. (1999) 
-Hassanen and Raoof (2002) 
-Heathcote and Raoof (2003) 
-Oehlers and Moran (1990) 
-Triantafillou and Plevris (1992) 
-Jansze (1997) 
-Ahmed and Van Gemert (1999) 
-Smith and Teng (2003) 
-Colotti et al. (2004) 
-Yao and Teng (2007) 
 
 2. LITERATURE SURVEY ON PREMATURE FAILURES OF EXTERNALLY PLATED RC BEAMS 
46 
 
2.4.1 ANALYTICAL METHODS ON PEELING FAILURE 
Some peeling failure models consider the shear capacity of the plated beam regardless 
of calculating the interfacial stresses between the plate and concrete surface, therefore 
they are less complicated than those considering the interfacial stresses. Oehlers and 
Moran (1990), Oehlers (1992), Triantafillou and Plevris (1992), Jansze (1997) and 
Ahmed and Vann Gemert (1999), Wang and Ling (1998), Smith and Teng (2003) are 
some of these models. Other models analyse the interfacial stresses (normal and shear 
stress) at the plate’s end, such as those proposed by Zibara et al. (1994), Varastehpour 
and Hamelin (1997), Raoof and Zhang (1997), Saadatmanesh and Malek (1998) and 
Tumialan et al. (1999), Raoof and Hassanen (2002) and Heathcote and Raoof (2003). 
These models are summarised in the following section. 
2.4.1.1 ANALYTICAL METHODS BASED ON ANALYSIS OF SHEAR STRENGTH 
     Oehlers and Moran (1990) studied steel plated beams in order to propose a model 
for prediction of peeling. In the authors view, peeling is categorised into two groups 
of shear peeling and flexural peeling. The reason for shear peeling is due to 
occurrence of shear cracks at the plate ends leading to catastrophic peeling of the plate 
while the flexural peeling initiates with gradual bending of the beam and gradual 
separation of plate. The length of the external plates in the shear span is the main 
parameter in their work. Some of the test beams had external plates terminating in the 
constant moment zone while some others had plates terminating in shear span. Their 
work studies the effects of shear forces on flexural peeling and formation of the shear 
cracks. 
For cases in which the plate is terminated at constant moment region, peeling moment 
is calculated according to Equation (2.1) based on a mathematical model considering 
the flexural peeling stresses at the plate’s interface obtained from a finite element 
analysis. 
  𝑀𝑝 = (𝐸𝐼)𝑏𝑓𝑡𝑘𝑐𝐸𝑠𝑡 + 𝑘𝑎𝐸𝑠ℎ (2.1) 
In which (EI)b is the flexural rigidity of the beam, t is the plate thickness, Es is young 
modulus of the steel plate, h is depth of the beam section, ft is concrete’s tensile 
strength. The authors then performed experiments in order to calculate parameters ka, 
kc and (EI)b. The final peeling moment is calculated from Equation (2.2): 
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 𝑀𝑢𝑝 = (𝐸𝐼)𝑐𝑝𝑓𝑡0.901𝐸𝑠𝑡 (2.2) 
Where (EI)cp is the concrete modulus of elasticity times plated section’s second 
moment of area for the cracked section which is transformed to concrete. In cases 
where the tensile splitting strength of concrete is not reported, it can be considered as 0.5�𝑓′𝑐 in which f’c is the concrete cylinder compressive strength in MPa. It should 
be noted that this moment is then compared by the additional moment (at the plate’s 
end) which the beam is subjected due to external plating. 
In cases of pure shear or very small moment such as near the supports, the authors 
suggested Equation (2.3) for shear peeling of the plate; this equation is obtained based 
on reaching the shear capacity of the concrete. 
 𝑉𝑝𝑒𝑒𝑙𝑖𝑛𝑔 = �1.4 − ( 𝑑2000)� 𝑏𝑐𝑑(𝜌𝑠𝑓′𝑐)1/3 (2.3) 
in which ρs is the steel reinforcement ratio equal to As/bd. The limitation is that 1.4 − ( 𝑑
2000
) ≥ 1.1. For the cases in which the plate is not under pure bending or pure 
shear, the authors proposed the general Equation (2.4) considering the effects of shear 
and bending moment together. 
 
𝑀𝑝
𝑀𝑢𝑝
+ 𝑉𝑝
𝑉𝑝𝑒𝑒𝑙𝑖𝑛𝑔
= 1.17 (2.4) 
Where Mp and Vp are the peeling moment and shear peeling forces respectively. With 
the provision that 𝑀𝑝 ≤ 𝑀𝑢𝑝 and 𝑉𝑝 ≤ 𝑉𝑝𝑒𝑒𝑙𝑖𝑛𝑔. 
Triantafillou and Plevris (1992) mentioned appearance of an inclined shear crack as 
the reason for peeling of the external FRP plate. The contribution of steel 
reinforcement and the external plate in dowel action and consequently the shear strain 
is explained; shear force depends on the shear strain (ratio of vertical displacement to 
the horizontal opening of a crack (v/w in Figure 2.26)), shear stiffness of the plate and 
the steel reinforcement which is equal to the shear modulus times the area, GA. 
Shear force could be explained as shown in Equation (2.5): 
 𝑉 ∝
𝜈
𝑤
�𝐺𝐴 (2.5) 
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Figure 2.26 The shear crack opening, from Triantafillou and Plevris (1992) 
in which: 
 �𝐺𝐴 =  𝐺𝑠𝐴𝑠 +  𝐺𝑝𝐴𝑝 (2.6) 
where V is the shear force, w is the horizontal opening of the shear crack, v is the  
vertical displacement in a shear crack, Gs is the shear modulus of the steel 
reinforcement, As is the area of the steel reinforcement, Gp is the shear modulus of the 
FRP plate, AP is the Area of the external FRP plate. Peeling of the plate occurs when 
the shear strain (v/w) reaches a critical value (v/w)cr which is dependent on the bond 
behaviour of FRP to concrete surface. This method has a restriction in terms of the 
fractional areas of steel and the external plate. The authors mentioned that in order to 
use the above method, the contribution of the steel bars and external plate in the 
dowel action should be noticeable, therefore the area percentage of steel bars and the 
external plate should be relatively high in order to let the shear force be carried by 
dowel action. Peeling load is obtained by using a calibration factor as shown in 
Equation (2.7): 
 𝑃 = 𝜆�𝐺𝐴 (2.7) 
Experimental work was done by Triantafillou and Plevris (1992) in order to calculate 
the calibration factor. The procedure was alteration of the total shear stiffness of the 
plate and steel bars (∑GA) and recording the debonding load. Eight FRP plated 
beams were cast and tested under four point external loading. CFRP plates had 
different thickness and width in order to assess the effects of the plate stiffness on the 
peeling load. The results of the three test beams which failed in the peeling mode 
were used and led to calibration factor equal to 0.011. 
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Triantafillou and Plevris (1992) novel work has many useful information in order to 
have a better understanding of the behaviour of the plated beams, however, there are 
some complexities in application of their proposed equations such as obtaining the 
calibration factor for the peeling equation which needs more experimental work, as 
they have obtained this factor by using the results of only three tests. 
Jansze (1996) proposed a model based on initiation of shear cracking in a steel plated 
beam. A virtual shear span was introduced with a length equal to distance from the 
support to the critical shear crack location. Equation (2.8) shows the final shear load 
causing the peeling of the plate: 
 𝑉𝑑𝑒𝑏𝑜𝑛𝑑 = 𝜏𝑃𝐸𝑆𝑏𝑐𝑑 (2.8) 
where τPES is the shear stress required for debonding according to Equation (2.9), bc is 
the beam’s width and d is the effective depth. 
 𝜏𝑃𝐸𝑆 = 0.183�3 𝑑𝐵𝑚𝑜𝑑 �1 + �200𝑑 � �100𝜌𝑠𝑓𝑐′3  (2.9) 
and, 
 𝐵𝑚𝑜𝑑 = �(1 −�𝜌𝑠)2𝜌𝑠 𝑑𝑎34  (2.10) 
Bmod is considered as a modified shear span. If Bmod is bigger than the real shear span, 
then the shear span should be considered as an average of the actual shear span and 
Bmod or in other words :(Bmod+B)/2, (considering B as the actual shear span of the 
beam). In Equation (2.10), a is the distance from the plate end to the support, 
therefore for the cases in which the plate is terminated at the supports, Bmod is equal to 
zero and peeling doesn’t occur. 
Jansze’s model was modified by Ahmed and Van Gemert (1999) in order to be 
applicable to FRP plated beams. Following the same approach as Equation (2.8), they 
proposed Equation (2.11) for shear peeling force. However an extra modification 
factor of 𝛿𝜏𝑚𝑜𝑑 to the shear stress was introduced. This modification factor was due 
to reduction of the steel plate and replacing the FRP plate.  
 𝑉𝑑𝑒𝑏𝑜𝑛𝑑 = (𝜏𝑃𝐸𝑆 + 𝛿𝜏𝑚𝑜𝑑)𝑏𝑐𝑑 (2.11) 
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where τPES is calculated based on Equation (2.9), and the increment of τ is calculated 
from Equation (2.12): 
 𝛿𝜏𝑚𝑜𝑑 = 𝜏𝑃𝐸𝑆𝑏𝑐𝑑 � 𝑆𝑠𝐼𝑠𝑏𝑓𝑟𝑝 − 𝑆𝑓𝑟𝑝𝐼𝑓𝑟𝑝𝑏𝑎� + 6188.5 �𝜏 − 4.121𝑏𝑐𝑑 � (2.12) 
where Ifrp and Is are the second moment of area of a cracked section which is 
transformed to concrete with FRP plate and steel plate, bfrp is the FRP plate width and 
ba is the adhesive thickness which is considered equal to bp, s is the shear links 
spacing, Asv and fyv are the area and yield stress of the stirrups respectively. As it is 
seen, the shear increase due to existence of shear links is also considered in this model 
by addition of an extra term τ which is shown in Equation (2.12). Ss and Sfrp are first 
moment of area of the cracked section which is transformed to concrete with steel 
plate and FRP plate respectively. τ is obtained from Equation (2.13): 
 𝜏 = �0.15776�𝑓𝑐′ + 17.2366𝜌𝑠𝑑𝐵 � + 0.9𝐴𝑠𝑣𝑓𝑦𝑣𝑠𝑏𝑐  (2.13) 
Smith and Teng (2003) proposed a strength model for shear peeling of plated beams. 
According to their model, shear peeling force is calculated from Equation (2.14): 
 𝑉𝑑𝑏,𝑠 = 1.5 𝑉𝑐 (2.14) 
in which Vc is the shear capacity of the un-plated beam according Equation (2.15): 
 𝑉𝑐 = �1.4 − 𝑑𝑒2000� 𝑏𝑐𝑑𝑒(𝜌𝑠𝑓𝑐′)13 (2.15) 
 �1.4 − 𝑑𝑒
2000
� ≥ 1.1, bc is the beam width, de is the effective depth, ρs is the internal 
steel ratio and f’c is the concrete cylinder compressive strength. 
Smith and Teng (2003) proposed a shear strength model which in contrast to Oehlers 
and Moran (1990) model, the influence of bending moment is omitted from the 
peeling criteria, therefore a simple shear criterion as shown in Equation (2.16) , based 
on the shear capacity of un-plated beam was proposed by them: 
 𝑉𝑝𝑒𝑒𝑙 = 𝜂𝑉𝑐 (2.16) 
in which η is equal to 1.4 and Vc is calculated from Equation (2.15). The application 
of this equation has a provision regarding the bending moment at plate’s end; 
𝑀𝑝𝑒𝑒𝑙 𝑀𝑢 ≤ 0.67⁄ , where Mu is the ultimate capacity of the plated beam. 
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Colotti et al. (2004) proposed an analytical solution for peeling failure. This method 
is based on the strut and tie model in which the elasto-plastic behaviour of the 
materials is taken into account, it also includes the load transfer mechanism from 
concrete to the plate including cracking of the concrete cover. Their work claims to 
provide a solution for both prediction of the failure load of a steel/or FRP plated beam 
besides prediction of the failure type. The plated RC beam is considered as a truss 
with the upper and lower chords being the compressive and tensile reinforcements 
respectively, the transverse elements being the shear links and the web concrete. This 
method solves the equilibrium equations and the solutions cover wide range of failure 
modes, including the plate-debonding failure, shear failure, concrete crushing and 
plate rupture mode. It is noteworthy to mention that, the key parameter in proposed 
equations is the bond between concrete-adhesive-plate interfaces which is obtained 
based on a series of pull tests. However, the simple pull test seems not to be an 
accurate method for obtaining the bond strength. Because the real beam under 
external loading with the specimen under the pull test cannot be accurately compared. 
Colotti et al. (2004) model does not work for beams without shear links as it gives the 
debonding load equal to zero. It also assumes that the shear links yield during the 
debonding which does not always occur and in most of the experiments, stirrups are 
not mobilised up to yield stress.  
Yao and Teng (2007) proposed two strength models for shear peeling and flexural 
peeling. Based on Oehlers and Moran (1990) description, flexural peeling happens in 
the regions of pure bending, which in case of four point bending is the constant 
bending moment zone. Yao and Teng (2007) proposed Equation (2.17) for flexural 
peeling moment of the plated beam. This shows that factors such as axial rigidities of 
the plate and cracked sections, cover thickness and width of the plate affect the 
interfacial stresses. Maximum limit for the flexural peeling moment is supposed to be 
the flexural capacity of the plated beam. 
 𝑀𝑑𝑏,𝑓 = 0.488 𝑀𝑢,0�𝛼𝑓𝑙𝑒𝑥𝛼𝑎𝑥𝑖𝑎𝑙𝛼𝑤�1/9 ≤ 𝑀𝑢,0 (2.17) 
where αflex shows the effects of plate on the flexural rigidity of the plated cracked 
section, αaxial shows the effects of plate on axial rigidity of the cracked section and αw 
shows the width effects of the plate: 
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 𝛼𝑓𝑙𝑒𝑥 = (𝐸𝐼)𝑐,𝑝 − (𝐸𝐼)𝑐,0(𝐸𝐼)𝑐,0  (2.18) 
 𝛼𝑎𝑥𝑖𝑎𝑙 = 𝐸𝑝𝑡𝑝𝐸𝑐𝑑𝑒 (2.19) 
 𝛼𝑤 = 𝑏𝑐𝑏𝑝    , 𝑏𝑐𝑏𝑝 ≤ 3 (2.20) 
in which (EI)c,p and (EI)c,0 are the flexural rigidity of the cracked plated section and 
cracked un-plated section respectively. Eptp is the axial rigidity of the soffit plate, de is 
the effective depth of the beam, Mu,0 is the ultimate moment capacity of the un-plated 
beam. Other parameters such as concrete strength or steel ratio indirectly affect the 
peeling moment because they are included in ultimate moment capacity of the beam, 
Mu,0. 
For shear peeling, which according to Oehlers and Moran (1990) happens in the areas 
of negligible bending moment such as areas close to supports, Yao and Teng (2007) 
proposed a model based on shear strength of the plated beam as shown in Equation 
(2.21): 
 𝑉𝑑𝑏,𝑠 = 𝑉𝑐 + 𝑉𝑝 + 𝜀𝑣,𝑒𝑉�𝑠 (2.21) 
where Vc, Vp and 𝜀𝜐,𝑒𝑉�𝑠 is contribution of the concrete, external plate and stirrups in 
shear capacity respectively, εv,e is the strain in stirrups, which is called the effective 
strain. The shear capacity of the stirrups is calculated from Equation (2.22): 
 𝑉�𝑠 = 𝐴𝑠𝑣𝐸𝑠𝑣𝑑𝑒/𝑠𝑣 (2.22) 
in which Asv is the total area of two legs of shear links, Esv is the modulus of elasticity 
of the stirrup and sv is the spacing of the stirrups. For calculation of the effective strain 
in stirrups, experimental work was done by Yao and Teng (2007) and Equation (2.23) 
was proposed: 
 𝜀𝑣,𝑒 = 10(𝛼𝑓𝑙𝑒𝑥𝛼𝐸𝛼𝑡𝛼𝑤)1/2 (2.23) 
where αE is equal to Ep/Ec and𝛼𝑡 = (𝑡𝑝𝑑𝑒)1.3. 
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2.4.1.2 PEELING MODELS BASED ON ANALYSIS OF INTERFACIAL STRESS 
This group of models analyse the interfacial shear, normal and longitudinal stresses at 
plate’s end as shown in Figure 2.27. 
 
Figure 2.27 Interfacial stresses at plate’s end, from Smith and Teng (2003) 
Roberts (1989) proposed Equations (2.24) and (2.25) for calculation of shear and 
normal stress at the plate’s end in the adhesive layer. 
 𝜏0 = �𝑉0 + � 𝐾𝑠𝐸𝑝𝑏𝑝𝑡𝑝�0.5 𝑀∗� 𝑏𝑝𝑡𝑝𝐼𝑏𝑝 (𝑑𝑝 − 𝑥) (2.24) 
 𝜎0 = 𝜏0𝑡𝑝 � 𝐾𝑛4𝐸𝑝𝐼𝑝�0.25 (2.25) 
in which: 
 𝐾𝑠 = 𝐺𝑎𝑏𝑎𝑡𝑎  (2.26) 
 𝐾𝑛 = 𝐸𝑎𝑏𝑎𝑡𝑎  (2.27) 
where Ep and bp are modulus of elasticity and width of the external plate respectively. 
dp is the depth of the plate from concrete compressive face to centre line of the 
plate.V0 and M* are the shear and bending moment at the plate’s end. Ga, ba, ta and Ea 
are adhesive’s shear modulus, width, thickness and modulus of elasticity respectively. 
Zibara et al. (1994) classified the peeling failure into two categories, one of them 
occurs by peeling of the plate while negligible layer of concrete cover is attached to it, 
which is called plate end debonding and the other one occurs with concrete cover 
separation. In case of concrete cover separation, Zibara et al. (1994) used ACI 318-
95(1999) code concept for the shear capacity of the beam and entered a modification 
factor of k for stirrups contribution. This factor shows efficiency of the stirrups 
according to the interfacial stresses which are induced due to addition of the plate. k is 
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obtained based on experiments and studying the peak of the normal interfacial stresses 
at the plate’s end. The authors tested 14 steel plated beams which failed due to 
concrete cover separation and proposed Equation (2.28) for k. 
 𝑘 = 2.4𝑒𝑛 (2.28) 
 𝑛 = −0.08𝐶𝑅1𝐶𝑅2 × 106 (2.29) 
CR1 and CR2 are coefficients for shear and normal interfacial stresses obtained from 
Equations (2.30) and (2.31): 
 𝐶𝑅1 = �1 + � 𝑘𝑠𝐸𝑓𝑟𝑝𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝�1/2 𝑀0𝑉0 � 𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝𝐼𝑡𝑟𝑐,𝑓𝑟𝑝𝑏𝑎 �𝑑𝑓𝑟𝑝 − 𝜒𝑡𝑟𝑐,𝑓𝑟𝑝� (2.30) 
 𝐶𝑅2 = 𝐼𝑓𝑟𝑝 � 𝑘𝑛4𝐸𝑓𝑟𝑝𝐼𝑓𝑟𝑝�1/4 (2.31) 
Itrc,frp is the second moment of area of the cracked section which is transformed to 
FRP having the neutral axis depth equal to 𝜒𝑡𝑟𝑐,𝑓𝑟𝑝 (calculated from the compression 
surface). Ifrp is the second moment of area of the FRP plate, dfrp is the effective depth 
of the FRP plate which is the distance from the compressive face of the section to the 
centreline of the FRP plate, V0 and M0 are the shear force and bending moments at the 
plate’s end respectively. Ks and Kn are shear and normal stiffness factors calculated 
from Equations (2.32) and (2.33): 
 𝐾𝑠 = 𝐺𝑎𝑏𝑎𝑡𝑎  (2.32) 
 𝐾𝑛 = 𝐸𝑎𝑏𝑎𝑡𝑎  (2.33) 
where ba, ta and Ea are the width, thickness and modulus of elasticity of the adhesive 
layer. 
The debonding load which leads to peeling is then calculated according to Equation 
(2.34): 
 𝑉𝑝𝑒𝑒𝑙 = 𝑉𝑐 + 𝑘𝑉𝑠 (2.34) 
Vc and Vs are the concrete and stirrups contribution to the shear capacity as shown in 
the Equations (2.35) and (2.36) respectively. 
 𝑉𝑐 = 1 6� ��𝑓𝑐′ + 100𝜌𝑠� 𝑏𝑐𝑑 (2.35) 
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 𝑉𝑠 = �𝐴𝑠𝑣𝑓𝑦𝑣𝑑�/𝑠 (2.36) 
in which f’c is the concrete cylinder compressive strength, bc is the beam width, d is 
the effective depth, Asv is the cross sectional area, fyv is the yield stress and s is the 
spacing of the stirrups. 
For plate end debonding, Zibara et al. (1994) used Mohr-Coulomb failure criterion to 
analyse the interfacial debonding at plate’s end. Considering a small rectangular 
element at the plate’s end and normal and shear stresses as shown in Figure 2.27, 
failure criterion is written as: 𝜏 + 𝜎𝑦 tan𝜑 ≤ 𝐶, where τ and σ are the shear and 
normal critical stresses at failure. C is the coefficient of cohesion and 𝜑 is the friction 
angle. By analysing the interfacial stresses, the maximum values are given by 
Equations (2.37) and (2.38): 
 𝜏 = 𝛼1𝑓𝑐𝑡 �𝐶𝑅1𝑉0𝑓𝑐 � (2.37) 
 𝜎𝑦 = 𝛼2𝐶𝑅2𝜏 (2.38) 
Coefficients CR1 and CR2 are obtained according to Equations (2.30) and (2.31). 
Using the Mohr-Coulomb failure criterion, the peeling shear force can be calculated 
from Equation (2.39): 
 𝑉𝑝𝑒𝑒𝑙 = 𝑓𝑐′𝐶𝑅1 � 𝐶𝛼1𝑓𝑐𝑡(1 + 𝛼2𝐶𝑅2 tan𝜑)�4/5 (2.39) 
a/h should be smaller than 3. a is the shear span and h is the depth of the concrete 
section. The authors suggested the values of α1=0.35, α2=1.1 and 𝜑 equal to 28 
degrees, they also suggested two values of C equal to 2.68 MPa or 5.36 Mpa. 
However later in Zibara et al. (1995) work, they assumed that C lies between 4.8 MPa 
and 9.8 MPa. These numerical suggestions however make the reader confused 
considering the fact that different suggested values cover a wide range between 2.68 
to 9.8 Mpa. 
Varastehpour and Hamelin (1997) developed a model for peeling failure of FRP 
plated beams. Their model analysed the shear distribution at the plate-concrete 
interface. An equation based on the equilibrium of the plated section was proposed to 
calculate the shear stress. This model predicts a sudden increase in shear after yielding 
of the internal steel reinforcement due to transfer of shear from steel to the external 
plate. A factor β was introduced to consider the effects of rigidity and thickness of the 
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plate, geometry of the section and loading cases on distribution of shear stress which 
is obtained from Equation (2.40): 
 𝛽 = 1.26 × 105𝐵ℎ0.7𝑡𝑓𝑟𝑝𝐸𝑓𝑟𝑝  (2.40) 
where B and h are the width and height of the concrete section respectively and tfrp 
and Efrp are the width and modulus of elasticity of the FRP plate. 
Shear and normal stress at the plate end’s are related according to Equation (2.41): 
 𝜎𝑛 = 𝐾𝜏𝑖𝑛𝑡 (2.41) 
in which σn is the normal stress at plate’s end and τint is the shear stress at the 
interface. K is calculated from Equation (2.42): 
 𝐾 = 1.31�𝑇𝑝𝐸𝑎𝑇𝑎𝐸𝑝�1/4 (2.42) 
Tp is the plate’s thickness, Ta is the average adhesive thickness and Ea and Ep are the 
adhesive and plate young modulus respectively. 
Debonding criterion is described based on the Mohr-Coulomb failure criterion as 
shown in Equation (2.43): 
 𝜏𝑚𝑎𝑥 + 𝜎𝑛 tan𝜑 = 𝐶 (2.43) 
where τmax is the maximum shear stress and σn is the normal stress, 𝜑 is the angle of 
friction and C is the cohesion at the interface. In order to calculate C, single lap shear 
tests were done and for calculation of 𝜑, small scale beams failed due to debonding 
were studied in order to calibrate these coefficients. Proposed values were 5.4 MPa 
for C and 33 degrees for 𝜑. Maximum shear was introduced by Equation (2.44): 
 𝜏𝑚𝑎𝑥 = 5.41 + 𝑘 tan 33 (2.44) 
The final peeling load for FRP plated beam is shown in Equation (2.45): 
 𝑃𝑠𝑒𝑝 = 3.2 𝜏𝑚𝑎𝑥2/3𝜆𝛽1/3  (2.45) 
 Psep is the peeling load, λ is the rigidity of the section defined according to Equation 
(2.46): 
 𝜆 = 𝑡𝑓𝑟𝑝𝐸𝑓𝑟𝑝(𝑑𝑓𝑟𝑝 − 𝜒𝑡𝑟𝑐,𝑐) 𝐼𝑡𝑟𝑐,𝑐𝐸𝑐⁄  (2.46) 
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in which 𝜒𝑡𝑟𝑐,𝑐 and Itrc,c are the neutral axis depth and second moment area of a 
cracked section which is transformed to concrete.  
Raoof and Zhang (1997) developed a concrete tooth model to predict the peeling 
failure of steel plated beams. Because this model is chosen to predict the peeling load, 
it will be described in details in Section 2.5. 
Wang and Ling (1998) followed Raoof and Zhang’s (1997) method and modified it 
for application to FRP plated beams. They used the same equations for crack spacing, 
however they proposed different bond stresses between steel and concrete and FRP 
plate and concrete. For bond between steel and concrete, us = 0.313 �𝑓𝑐′  and for bond 
between FRP plate and concrete, ufrp = 1.96 MPa was proposed. Equation (2.47) 
which is similar to Raoof and Zhang’s (1997) approach was used for minimum crack 
spacing. However different bond values were used in the denominator of the equation. 
 𝑙𝑚𝑖𝑛 = 𝐴𝑒𝑓𝑐𝑡𝑢𝑠 ∑𝑂𝑏𝑎𝑟𝑠 + 𝑢𝑓𝑟𝑝𝑏𝑓𝑟𝑝 (2.47) 
Ae is the section’s effective area as shown in Figure 2.34 , fct is the concrete tensile 
strength, us is the bond between steel bars and concrete and ufrp is the bond between 
FRP plate and concrete as described above, bfrp is he plate’s width and ∑𝑂𝑏𝑎𝑟𝑠 is the 
total perimeter of the internal steel reinforcements. 
Having the minimum crack spacing calculated, the rest of the procedure to calculate 
the peeling moment is similar to Raoof and Zhang’s (1997) method which is 
described in Section 2.5. Raoof and Hassanen (2002) extended Raoof and Zhang’s 
(1997) model in other to be applicable for FRP plated beams. This model was 
modified by Heathcote  and Raoof (2003) later on. The details of all models will be 
discussed in section 2.5.4 
Saadatmanesh and Malek (1998) analysed the maximum normal and shear stresses 
at the plate’s end and analysed the concrete cover separation in FRP plated beams by 
calculating the maximum principal stress. The principal stress is obtained from 
Equation (2.48) and is equalised to concrete tensile stress.  
 𝜎1 = �𝜎𝑥 + 𝜎𝑦2 � + ��𝜎𝑥 − 𝜎𝑦2 �2 + 𝜏2 (2.48) 
Normal stress σy is calculated from Equation (2.49): 
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 𝜎𝑦 = 𝐾𝑛2𝑏𝑎𝛽∗3 � 𝑉𝑓𝑟𝑝𝐸𝑓𝑟𝑝𝐼𝑓𝑟𝑝 − 𝑉0∗ + 𝛽∗𝑀0𝐸𝑐𝐼𝑐 � + 𝑞𝐸𝑓𝑟𝑝𝐼𝑓𝑟𝑝𝑏𝑓𝑟𝑝𝐸𝑐𝐼𝑐  (2.49) 
in which Kn is as shown in Equation (2.33) and: 
 𝑉0∗ = 𝑉0 − 0.5ℎ𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝(𝑏3√𝐴 + 𝑏2) (2.50) 
 𝑉𝑓𝑟𝑝 = −0.5𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝2 (𝑏3√𝐴 + 𝑏2) (2.51) 
 𝛽∗ = � 𝐾𝑛𝑏𝑓𝑟𝑝4𝑏𝑎𝐸𝑓𝑟𝑝𝐼𝑓𝑟𝑝�1/4 (2.52) 
bfrp, Efrp and Ifrp are the width, modulus of elasticity and second moment of area of the 
FRP plate. Ic is the second moment of area of the beam and q is the uniform 
distributed load per length of the beam.  
Equation (2.53) is proposed for bending moment at the plate’s end which is applicable 
to both pointed and uniform distributed loads: 
 𝑀 = 𝑎1(𝑥 + 𝑎)2 + 𝑎2(𝑥 + 𝑎) + 𝑎3 (2.53) 
where x is the distance from the plate’s end, the boundary conditions at plate’s end 
implies a bending moment equal to M0 in case of 3 or 4 point loading and a2a+a3 in 
case of uniform loading. Malek and Saadatmanesh (1998) derived Equation (2.106) 
for calculation of interfacial shear stress, τ. 
 𝜏 = 𝑡𝑓𝑟𝑝(𝑏3√𝐴 + 𝑏2) (2.54) 
in which tfrp is the plate thickness, A and b2 and b3 are coefficients calculated 
according to the following equations: 
 𝐴 = 𝐺𝑎𝑡𝑎𝑡𝑓𝑟𝑝𝐸𝑓𝑟𝑝 (2.55) 
 𝑏2 = 𝐸𝑓𝑟𝑝𝐼𝑡𝑟𝑢,𝑐𝐸𝑐 �𝑑𝑓𝑟𝑝 − 𝜒𝑡𝑟𝑢,𝑐�(2𝑎1𝑎 + 𝑎2) (2.56) 
 
𝑏3 = 𝐸𝑓𝑟𝑝 � 1𝐼𝑡𝑟𝑢,𝑐𝐸𝑐 �𝑑𝑓𝑟𝑝 − 𝜒𝑡𝑟𝑢,𝑐�(𝑎1𝑎2 + 𝑎2𝑎 + 𝑎3)+ 2 𝑎1𝐸𝑓𝑟𝑝
𝐼𝑡𝑟𝑢,𝑐𝐸𝑐 (𝑑𝑓𝑟𝑝 − 𝜒𝑡𝑟𝑢,𝑐) 𝑡𝑎𝑡𝑓𝑟𝑝𝐺𝑎 � (2.57) 
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Itur,c is the second moment of area for the uncracked section which is transformed to 
concrete, and 𝜒𝑡𝑟𝑢,𝑐 is the neutral axis depth measured from the compressive surface 
for the same section. 
The longitudinal stress at plate’s end σx, under bending moment M0, is calculated 
based on the analysis of an uncracked section, however due to interfacial stresses, the 
bending moment should be increased to Mm, which is found according to Equation 
(2.58): 
 𝑀𝑚 = 0.5ℎ𝑎𝑏𝑓𝑟𝑝 𝜏 (2.58) 
where h is the concrete section’s height, a is the shear span and τ is calculated 
according to Equation (2.54). 
After calculation of normal, longitudinal and shear stresses, the principal stress, σ1, is 
calculated based from Equation (2.59) and then the peeling criterion equalises it to the 
concrete tensile stress: 
 𝜎1 = 𝑓𝑐𝑡 = 0.295 (𝑓𝑐′)2/3 (2.59) 
The calculations are based on a trial and error procedure, which is application of 
different loads till the peeling criterion according to Equation (2.59) is achieved. 
Tumialan et al. (1999) followed Saatadmanesh and Malek’s (1998) concept. They 
calculated the principal stresses at plate’s end according to Equation (2.48). The 
failure criterion for peeling failure is when the principal stress at plate’s end reaches 
concrete modulus of rupture, which is equal to 0.689�𝑓𝑐′ MPa. Shear and normal 
stresses are calculated in a different way as shown in Equations (2.60) and (2.61); the 
un-cracked section is assumed to be transformed to concrete instead of being 
transformed to plate’s material, hence the modular ratio equal to FRP plate’s modulus 
of elasticity to concrete’s modulus of elasticity is used in Equation (2.60). 
 𝜏 = 𝐶?̅?1 𝐸𝑓𝑟𝑝𝐸𝑐 𝑉0 (2.60) 
 
𝐶?̅?1 = �1 + � 𝐾𝑠𝐸𝑓𝑟𝑝𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝�1/2𝑀0𝑉0 � 𝑏𝑓𝑟𝑝𝑡𝑓𝑟𝑝𝐼𝑡𝑟𝑢,𝑐𝑏𝑎 �𝑑𝑓𝑟𝑝
− 𝜒𝑡𝑟𝑢,𝑐� (2.61) 
 Normal stress is obtained from Equation (2.62): 
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 𝜎𝑦 = 𝐶𝑅2𝜏 (2.62) 
in which CR2 is obtained according to Zibara et al. (1992) model as shown in Equation 
(2.31) and CR1 is calculated in a different way than Equation (2.36), because it 
considers the un-cracked section’s second moment of area and neutral axis, Itru,c and 
𝜒𝑡𝑟𝑢,𝑐.  In order to calculate the longitudinal stress σx, they authors suggested same 
approach as Saatadmanesh and Malek (1998) analysis of the un-cracked section, 
however the moment increase due to addition of the plate as shown in Equation (2.58) 
is not considered in their work.  
2.5 CONCRETE TOOTH MODEL  
This model is one of the interfacial stress based models which describes the peeling 
failure in a simple and easily understandable procedure. Tooth model is used to verify 
the peeling failure in the collected database in the current thesis, therefore it is 
described fully in details in this section.  According to Zhang et al. (1995), a concrete 
tooth is the element located between two cracks in a plated beam as shown in Figure 
2.28. It is considered as a cantilever beam with a length of concrete cover, h’, and 
width of crack spacing, L, which is attached to steel internal reinforcement as the 
support. Initially the shear stress distribution, τ, between the plate and concrete is 
explained and then analysis of a concrete tooth is studied. Consider a simply 
supported externally plated RC beam under four-point loading as shown in Figure 
2.29. In order to investigate the distribution of the interfacial shear stress, an 
infinitesimal element of the plate is isolated between the plate termination point and 
the load point. Considering the free body diagram in Figure 2.30, equilibrium shows 
that the interface shear stress, τ, distribution depends on the tensile axial stress, σt, in 
the plate. 
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Figure 2.28 Concept of a concrete tooth according to Zhang et al. (1995) 
According to Zhang et al. (1995), finite elements analysis of a simply supported steel 
plated beam under four-point loading shows that the tensile stress in the plate under 
different external loads has a linear behaviour up to failure as shown in Figure 2.31. 
As it is seen, the tensile stress in the plate starts from zero at the plate end, then varies 
linearly towards the middle of the shear span and finally has a constant value in the 
constant moment zone. 
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Figure 2.29 A simply supported RC beam with external steel plate under four point loading 
Zhang et al. (1995) discussed the theoretical reason behind this linear behaviour as 
well. Considering Figure 2.30, a steel plated beam under 4 point loading in which  P 
is the applied external load, a is the distance between the support and plate end, L0  is 
the shear span which is the part of the span with the constant shear (in four point 
loading case is the part of the beam from the external force to the nearest support), x is 
an arbitrary location chosen in the shear span starting from the support moving 
towards the external load with the minimum of a, i.e., a<x<L0 and  Lp is the length of 
the external plate in the shear span. 
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Figure 2.30 Distribution of tensile axial stress, σt, and the shear stress, τ,  in the infinitesimal 
element of the external plate 
 
Figure 2.31 Variation of tensile axial stress in the external plate in the shear span, from Zhang 
et al. (1995)  
The main assumption is that full bond exists between the plate and concrete 
interface up to the ultimate failure load of the beam. The strain and stress distribution 
in an arbitrary section located at distance x is depicted in Figure 2.32. Note that this 
section has reached the ultimate load, which means that concrete has been crushed, 
therefore 0.67fcu for the compressive stress in the concrete block according to BS8110 
(1997) is accepted. Linear distribution of strain (plane section bending) and also the 
cube compressive stress block as reported in the BS8110 is accepted for the purpose 
of analysis (therefore the depth of the neutral axis, N.A., is equal to the depth of the 
compressive stress block divided by 0.9, i.e. S/0.9). 
In Figure 2.32: 
b = Width of the concrete section, d = Effective depth which is the distance from the 
top of the concrete section to the centre line of main tensile steel reinforcement, h = 
Distance between the centreline of main tensile steel bars to the centreline of the steel 
plate, h1 = Concrete cover which is the distance between the centreline of the steel 
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bars to the tensile surface of the concrete section, bp = Width of the external steel 
plate, εcu = Compressive strain in the top surface of the concrete section, S = Depth of 
the concrete compressive block, εs = Tensile strain in the main steel reinforcement, εp 
= Tensile strain in the centreline of the external plate, Fc = Resultant of the concrete 
compressive block stresses, Fs = Resultant of the tensile forces for the steel bars, As = 
Total area of the tensile steel bars, fs = Tensile stress in the tensile reinforcement, Fp = 
Tensile resultant force in the external plate, Ap = Area of the external tensile plate, fp = 
Tensile stress in the external plate, σc = Concrete compressive stress at failure which 
according to BS1180 is equal to 0.67 fcu and fcu is the concrete compressive cube 
strength. 
d
h
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N.A.
εcu
s/ 0.9
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s
f c=0.67 f cu
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Fp=Apf p
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Figure 2.32 Strain and stress distribution in the RC plated beam at ultimate load 
For the section in Figure 2.32, equilibrium is written as: 
 0.67𝑓𝑐𝑢𝑏𝑠 = 𝐹𝑠 + 𝐹𝑝 (2.63) 
Bending moment is obtained as follow: 
 𝑀 = 𝐹𝑠 �𝑑 − 𝑠2� + 𝐹𝑝 �𝑑 + ℎ − 𝑠2� (2.64) 
Alternatively the bending moment in Equation (2.65) is calculated as: 
 𝑀 = 𝑃𝑥 (2.65) 
rearranging Equation (2.63) will give: 
 𝐹𝑠 = 0.67𝑓𝑐𝑢𝑏𝑠 − 𝐹𝑝 (2.66) 
Inserting this term in Equation (2.64) and then equalising to Equation (2.65) will lead 
to: 
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 𝑃𝑥 = 0.67 12 0.67𝑓𝑐𝑢𝑏𝑠2 + 𝐹𝑝ℎ (2.67) 
Differentiation of Equation (2.67) with respect to x gives: 
 𝑃 = 0.67𝑓𝑐𝑢𝑏(𝑑 − 𝑠) 𝑑𝑠𝑑𝑥 + ℎ 𝑑𝐹𝑝𝑑𝑥  (2.68) 
Equation (2.68) shows the relationship between the external load P and the rate of 
change of plate tensile force Fp. 
Zhang et al. (1995) suggested ds/dx equal to zero, hence from Equation (2.68): 
 𝑃 = ℎ 𝑑𝐹𝑝𝑑𝑥    (2.69) 
therefore: 
 
𝑑𝐹𝑝
𝑑𝑥
= 𝑃
ℎ
 (2.70) 
Fp at x=a is zero, (the tensile force at the plate end), one can obtain the below 
equation for tensile force in the plate: 
 𝐹𝑝 =  𝑃ℎ  (𝑥 − 𝑎)     𝑎 ≤ 𝑥 ≤  𝐿0 (2.71) 
Equation (2.71) shows a linear behaviour of plate tensile force in the shear span 
confirming the results from the finite element analysis as shown in Figure 2.31.  
Figure 2.33 shows the distribution of the tensile stress in the plate and shear and 
bending moment across the beam. Following the above justification, if the linear 
behaviour of the tensile force in the plate across the shear span is accepted then from 
Figure 2.30: 
 � 𝜏
𝑙
𝑎
𝑑𝑥 = 𝜎𝑡𝑡 (2.72) 
From Equation (2.71) the stress σt could be obtained by dividing the tensile force Fp 
to area of the plate section tbp, hence: 
 𝜎𝑡 =  𝑃ℎ𝑡𝑏𝑝  (𝑥 − 𝑎)     𝑎 ≤ 𝑥 ≤  𝐿0 (2.73) 
Re-arranging Equation (2.72) and (2.73) will lead to: 
 � 𝜏𝑑𝑥 = 𝑃ℎ𝑏𝑝 (𝑥 − 𝑎)𝑙𝑎  (2.74) 
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Figure 2.33 Distribution of tensile stress in the plate, bending moment and vertical shear in 
the beam and the interfacial shear stress 
Therefore from Equation (2.74) it can be concluded that the shear stress across the 
plate length in the shear span of the beam has a uniform distribution.    
However Zhang et al. (1995) suggested that the concept of uniform shear stress 
distribution is accurate for small Lp (the length of the plate in shear span), this is 
regarding the assumption of ds/dx=0 in Equation (2.68) which was discussed above. 
However if the first concrete tooth is being considered, it is located between x=a and 
x=a+Ltooth, in which Ltooth is the crack spacing. Therefore the rate of change of 
concrete compressive depth, S, over the small distance of Ltooth could reasonably 
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assumed to be zero (ds/dx=0). The authors then discussed the distance between 
stabilized flexural cracks and they proposed Watsteins and Parsons’ (1943) and 
Nawy’s (1992) discussion about the stabilized cracks in the concrete beam and 
accepted the minimum crack spacing given by: 
 𝑙𝑚𝑖𝑛 = 𝐴𝑒𝑓′𝑡𝑢 ∑𝑂 (2.75) 
where lmin = Minimum stabilized crack spacing, Ae = Concrete area according to 
Figure 2.34, f’t = Concrete splitting tensile strength, ∑𝑂 = Sum of the circumferences 
of the reinforcing elements and u = Average bond stress between steel bars and the 
concrete. 
According to Watsteins and Parsons (1943), the maximum crack spacing is about two 
times the minimum spacing, hence Zhang et al. (1995) accepted 1.5lmin for the average 
crack spacing. 
According to Figure 2.34, for evenly distributed tensile reinforcement, 2h1 is the 
height of the concrete stretched area (with h1 being considered as the distance from 
the bottom side of the concrete section to the centreline of the evenly distributed bars) 
and h2 is the concrete cover which is the distance from the centre of the reinforcing 
bars to the bottom side of the beam, Ae is then equal to 2h1b in which b is the beam 
width. The authors then extended Equation (2.75) to be applicable to externally plated 
beams by adding the plate width bp to the sum of the circumferences of the 
reinforcing elements, hence: 
 𝑙𝑚𝑖𝑛
𝑃 =  𝐴𝑒𝑓′𝑡
𝑢�∑𝑂𝑏𝑎𝑟𝑠 + 𝑏𝑝�   (2.76) 
in which: 
𝑙𝑚𝑖𝑛
𝑃 = Minimum crack spacing in the externally palpated RC beam, bp = Width of the 
external plate and ∑𝑂𝑏𝑎𝑟𝑠 = The sum of the circumferences of the tensile reinforcing 
bars. 
An individual tooth formed between the flexural cracks as in Figure 2.28 could be 
analysed as a cantilever beam with the main tensile reinforcement as the support, the 
concrete clear cover h’ as the length of the beam and the minimum crack spacing L as 
the width of the beam. In order to have the cantilever failure which could be 
considered as the peeling failure initiation, the tensile stress acting at point A should 
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reach the concrete tensile strength. Considering the elastic behaviour for the cantilever 
one may write that: 
 𝜎𝐴 =  𝑀𝐴(𝐿 2� )𝐼𝐴          (2.77) 
in which,𝐼𝐴 =  𝑏𝐿3 12�   with b equal to the beam width. 
The bending moment at point A which is MA is equal to: 
 𝑀𝐴 = 𝜏𝐿𝑏1ℎ′ (2.78) 
In which τ is the shear stress acting at the interface between the concrete and external 
plate. Considering Equations (2.77) and (2.78), the maximum tensile stress is: 
 𝜎𝐴 =  6𝜏ℎ′𝐿  𝑏𝑝𝑏  (2.79) 
In order to initiate the peeling failure, the stress at point A should be equal to concrete 
tensile stress, therefore with replacing σA with f’t: 
 𝜏 =  𝑓′𝑡𝐿6ℎ′  𝑏𝑏𝑝 (2.80) 
b
2h1
h2
h2
AeAe
h1
h1
 
Figure 2.34 Concrete area used in crack spacing in Equation (2.75) for (a) evenly distributed 
reinforcing bars and (b) non-evenly distributed reinforcing bars 
2.5.1 EFFECTIVE LENGTH 
As stated earlier, Zhang et al. (1995) considered a uniform distribution of shear stress 
in the plate interface in the shear span. Raoof and Zhang (1997) introduced the 
concept of effective length of the plate in which the shear stress could be considered 
as uniform. The effective length is shown by Lp, therefore shear stress and tensile 
stress across the effective length has a linear relationship as below: 
 𝜎𝑠 𝑡 = 𝜏 𝐿𝑝                          (2.81) 
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in which t is the plate thickness (Figure 2.30). 
Considering u = 0.28�𝑓𝑐𝑢  for the bond stress between concrete and steel bars 
(Mosley and Bungey (1987)), 𝑓′𝑡 = 0.36�𝑓𝑐𝑢 from BS8110, where fcu = concrete 
compressive cube strength and 𝐴𝑒 = 2ℎ1𝑏,  merging Equations (2.80) and (2.79)one 
can obtain the following equation for the tensile stress in the plate at initiation of the 
peeling σpeel: 
 𝜎𝑝𝑒𝑒𝑙 = 0.154 𝐿𝑝ℎ1𝑏2�𝑓𝑐𝑢ℎ′𝑏1𝑡(∑𝑂𝑏𝑎𝑟𝑠 + 𝑏1) (2.82) 
Considering the average crack spacing which is 1.5 times greater than the minimum 
crack spacing and re-arranging Equation (2.82) the (2.83) for the effective length is 
obtained: 
 𝐿𝑝 =  𝜎𝑠ℎ′𝑏1𝑡(∑𝑂𝑏𝑎𝑟𝑠 + 𝑏1)0.154 ℎ1𝑏2�𝑓𝑐𝑢 11.5      (2.83) 
Raoof and Zhang (1997) then collected the experimental work done by Oehlers and 
Moran (1990) on externally steel plated beams subjected to four point loading, in 
which the tensile strain in the plates had been measured across the shear span, 
therefore in Equation (2.82) the peeling stress σs was expressed as σs = Ep εp, in 
which Ep is the plate modulus of elasticity and εp is the measured strain in the plate. 
Raoof and Zhang (1997) calculated all the effective lengths according to Oehlers and 
Moran (1990) experiments using Equation (2.83), they also calculated the minimum 
crack spacing ,𝐿𝑚𝑖𝑛
𝑝 , for the correspondent specimens using Equation (2.76), and then 
they plotted the diagram of 𝐿𝑚𝑖𝑛
𝑝  on the x axis versus 𝐿𝑝 𝐿𝑚𝑖𝑛
𝑝⁄ on the y axis. After 
fitting the best line across the points on the diagram as shown in Figure 2.35, the 
authors proposed following equations for the effective length of external steel plated 
beams under four point loading (𝐿𝑝1 ): 
 𝐿𝑝1 = 𝑙𝑚𝑖𝑛𝑝 �21 − 0.25𝑙𝑚𝑖𝑛𝑝 �         𝑙𝑚𝑖𝑛𝑝 ≤ 72 𝑚𝑚 (2.84) 
 𝐿𝑝1 = 3𝑙𝑚𝑖𝑛𝑝                                      𝑙𝑚𝑖𝑛𝑝 > 72 𝑚𝑚   (2.85) 
The final effective length of the plate is the minimum of the value obtained from 
Equation (2.84) or (2.85) and the actual plate length in the shear span (shown as Lp in 
Figure 2.29). 
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Figure 2.35 Fitted line through the experimental values for finding the effective length 
equation, from Raoof and Zhang (1997) 
For FRP plated beams, Hassanen and Raoof (2002) proposed the semi empirical 
relationship as below: 
 𝐿𝑝1 = 𝑙𝑚𝑖𝑛𝑝 �24 − 0.5𝑙𝑚𝑖𝑛𝑝 �         𝑙𝑚𝑖𝑛𝑝 ≤ 40 𝑚𝑚 (2.86) 
 𝐿𝑝1 = 4𝑙𝑚𝑖𝑛𝑝                         𝑙𝑚𝑖𝑛𝑝 > 40 𝑚𝑚 (2.87) 
2.5.2 SIMPLIFIED METHOD (I) FOR CALCULATION OF NEUTRAL 
AXIS DEPTH FOR AN EXTERNALLY PLATED RC BEAM 
Hassanen and Raoof (2002) stated that premature peeling failure usually occurs in low 
levels of stress, therefore they assumed a linear stress distribution for concrete in 
compression (Figure 2.36). This assumption helps to find the depth of the neutral axis 
without the need for iterative calculations as described as below.      
According to Figure 2.36 and considering strain compatibility: 
 
𝜀𝑐
𝑦
= 𝜀′𝑠
𝑦 − 𝑑′
= 𝜀𝑠
𝑑 − 𝑦
= 𝜀𝑝
𝑑 + ℎ − 𝑦 (2.88) 
The total tensile forces Ft would be the sum of tensile forces in the steel bars and 
plate, Fs and Fp, as shown below: 
 𝐹𝑡 = 𝐹𝑠 + 𝐹𝑝 (2.89) 
 𝐹𝑠 = 𝐴𝑠𝐸𝑠𝜀𝑠 = 𝐴𝑠𝐸𝑠 (𝑑 − 𝑦)𝜀𝑐𝑦  (2.90) 
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 𝐹𝑝 = 𝐴𝑝𝐸𝑝𝜀𝑝 = 𝐴𝑝𝐸𝑝 (𝑑 + ℎ − 𝑦)𝜀𝑐𝑦  (2.91) 
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Figure 2.36 (a) Concrete plated section, (b) Strain distribution and (c) Stress distribution   
From Equations (2.89), (2.90) and (2.91) and assuming d+h=D: 
 𝐹𝑡 = 𝜀𝑐𝑦 (𝐴𝑠𝐸𝑠(𝑑 − 𝑦) + 𝐴𝑝𝐸𝑝(𝐷 − 𝑦)) (2.92) 
The compressive force in the section is: 
 𝐹𝑐 = (12)𝐸𝑐𝜀𝑐𝑏𝑦 + 𝐴′𝑠𝐸𝑠 (𝑦 − 𝑑′)𝑦 𝜀𝑐 (2.93) 
Considering the equilibrium, Fc=Ft, hence from Equations (2.92) and (2.93): 
 �
12�𝐸𝑐𝑏𝑦 + 𝐴′𝑠𝐸𝑠 (𝑦 − 𝑑′)𝑦 = 𝐴𝑠𝐸𝑠 (𝑑 − 𝑦)𝑦 + 𝐴𝑝𝐸𝑝 (𝐷 − 𝑦)𝑦  (2.94) 
Solving Equation (2.94) for y will give neutral axis depth in method I, yI: 
𝑦𝐼 = 𝑑 �−�𝛼𝑠𝑐(𝜌 + 𝜌′) + 𝜌𝑝𝛼𝑝𝑐� + �(𝛼𝑠𝑐�𝜌𝑠 + 𝜌′𝑠� + 𝜌𝑝𝛼𝑝𝑐)2 + 2(𝛼𝑠𝑐 �𝜌′𝑠 𝑑′𝑑 + 𝜌𝑠� + 𝜌𝑝𝛼𝑝𝑐 𝐷𝑑)� (2.95) 
in which αsc = Es/Ec and αpc = Ep/Ec. 
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2.5.3 SIMPLIFIED METHOD (II) FOR CALCULATION OF 
NEUTRAL AXIS DEPTH FOR AN EXTERNALLY PLATED RC BEAM 
Following the simplified method of Hassanen and Raoof (2002), Heathcote and Raoof 
(2003) stated that due to low levels of strain at peeling failure, it is logical to include 
the contribution of concrete tensile stress in the equilibrium of the section, therefore 
another simplified way of calculating the neutral axis depth including the tensile 
concrete was proposed in his work. The same equation as Equation (2.88) is valid for 
strain analysis. However Heathcote and Raoof (2003) mentioned that the concrete 
tensile strain cannot be expressed in terms of concrete compressive stress. The 
concrete tensile stress is stated in a separate equation equal to concrete cylinder 
splitting tensile strength according to BS8110 (1997): 
 𝑓𝑐𝑡 = 0.36�𝑓𝑐𝑢 (2.96) 
Therefore concrete tensile strain will be equal to: 
 𝜀𝑐𝑡 = 𝑓𝑐𝑡𝐸𝑐  (2.97) 
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Figure 2.37 (a) Concrete plated section, (b) Strain distribution and (c) Stress distribution 
including the concrete in tension 
Considering the tensile concrete, the tensile resultant forces in the section will be: 
 𝐹𝑡 = 𝐴𝑠𝐸𝑠𝜀𝑐 𝑑 − 𝑦𝑦 + 𝐴𝑝𝐸𝑝𝜀𝑐 𝐷 − 𝑦𝑦 + 𝜀𝑐𝑡𝐸𝑐𝑏𝐻 − 𝑦2  (2.98) 
in which H is the height of the concrete section. 
The total compressive force will be the same as in Equation (2.93), therefore equating 
the compressive and tensile forces and solving the quadratic equation for y, will lead 
to calculation of neutral axis depth in method II, yII: 
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𝑦𝐼𝐼=
= 𝑑1 − 𝜀𝑐𝑡𝜀𝑝 �−�𝛼𝑠𝑐(𝜌𝑠′ + 𝜌𝑠) + 𝜌𝑝𝛼𝑝𝑐 + 𝜀𝑐𝑡2𝜀𝑝𝑑 (𝐻 + 𝐷)�
+ �(𝛼𝑠𝑐(𝜌𝑠 + 𝜌𝑠′) + 𝜌𝑝𝛼𝑝𝑐 + 𝜀𝑐𝑡2𝜀𝑝𝑑 (𝐻 + 𝐷))2 + 2��1 − 𝜀𝑐𝑡𝜀𝑝 �𝛼𝑠𝑐 �𝜌𝑠 + 𝜌𝑠′ 𝑑′𝑑� + 𝜌𝑝𝛼𝑝𝑐 𝐷𝑑 + + 𝜀𝑐𝑡2𝜀𝑝 𝐷𝑏𝐷𝑑2 �� 
(2.99) 
2.5.4 CALCULATION OF PEELING MOMENT FOR THE PLATED 
SECTION 
After calculation of the neutral axis depth based on the simplified methods I or II as 
described in sections 2.5.2 and 2.5.3 respectively, the next step is calculation of the 
section’s peeling moment based on these two values of neutral axis obtained from 
either methods. The fundamentals of the calculations are the same, i.e., the 
assumptions are made based on the equilibrium of the plated section and strain 
compatibility, however in method II, the concrete in tension is considered in the 
calculations, and therefore its contribution is not ignored in calculation of the peeling 
moment. In sections 2.5.4.1 and 2.5.4.2 these two methods are described in details. It 
should be noted that in each method, following BS8110 code for concrete block 
assumption, there are two methods of considering the compressive stress block; 
uniform rectangular or parabolic. These two categories are described in each section. 
2.5.4.1 HASSANEN AND RAOOF (2002) SIMPLIFIED METHOD (METHOD I) FOR 
CALCULATION OF PEELING MOMENT 
Peeling moment is calculated from equilibrium of the section. Considering the 
compressive stress distribution as uniform stress block assumption ( 
Figure 2.38) or parabolic distribution (Figure 2.39), according to BS8110 (1997). 
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Figure 2.38 (a) Concrete plated section, (b) Strain distribution, (c) BS8110 parabolic stress 
distribution for concrete   in compression when 𝜀𝑐 ≤ 𝛽 and (d) BS8110 Parabolic stress 
distribution when 𝛽 ≤ 𝜀𝑐 ≤ 0.0035  
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Figure 2.39 (a) Concrete plated section, (b) Strain distribution, (c) BS8110 uniform stress 
block distribution for concrete in compression  
According to BS1180 (1997), maximum strain in concrete, εc, is limited to 0.0035. In 
order to analyse the peeling moment, the stress in the plate is considered equal to the 
peeling stress, σpeel, which is derived from Equation (2.82). Afterwards, the moment 
in the section is obtained from traditional methods of calculating the section capacity, 
which the details could be found in Hassanen (2000) or Heathcote (2004). The final 
equations are shown in the following sections. 
2.5.4.1.1 UNIFORM RECTANGULAR STRESS BLOCK AFTER BS8110 (1997) 
Peeling moment is shown by MI,R in this case.  
 
𝑀𝐼,𝑅 = 𝐴𝑠𝑓𝑠 �𝑑 − 𝑎2 � + 𝐴𝑝𝜎𝑝𝑒𝑒𝑙 �𝐷2 − 𝑎� + 𝐴𝑠′ 𝑓′𝑠(𝑎2
− 𝑑′) (2.100) 
In which a is the depth of the compressive stress block: 
 𝑎 = 𝐴𝑠𝑓𝑠 + 𝐴𝑝𝜎𝑝𝑒𝑒𝑙 − 𝐴𝑠′ 𝑓𝑠′𝑏𝑓𝑐  (2.101) 
fc is the maximum concrete compressive stress as below: 
 𝑓𝑐 = �0.67𝑓𝑐𝑢                                 𝛽 ≤ 𝜀𝑐 ≤ 0.0035𝐸𝑐𝜀𝑐 + 0.67𝑓𝑐𝑢 − 𝐸𝑐𝛽𝛽2 𝜀𝑐2                      𝜀𝑐 ≤ 𝛽 (2.102) 
2.5.4.1.2 PARABOLIC STRESS DISTRIBUTION AFTER BS8110 (1997) 
Peeling moment is denoted by MI,p in this case. 
(a) 𝜺𝒄 ≤ 𝜷 
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𝑀𝐼,𝑃 = 𝑦2𝑏 �𝐸𝑐𝜀𝑐3 + 0.67𝑓𝑐𝑢 − 𝐸𝑐𝛽4𝛽2 𝜀𝑐2�+ 𝐴′𝑠𝑓′𝑠(𝑦 − 𝑑′) + 𝐴𝑠𝑓𝑠(𝑑 − 𝑦)+ 𝐴𝑝𝜎𝑝𝑒𝑒𝑙(𝐷 − 𝑦) (2.103) 
(b) 𝜷 < 𝜺𝒄 ≤ 𝟎.𝟎𝟎𝟑𝟓 
 
𝑀𝐼,𝑃 = 0.335𝑓𝑐𝑢𝑏(𝑦2 − 𝑦12)+ 𝑦2𝑏 �𝐸𝑐𝛽33𝜀𝑐2 + 0.67𝑓𝑐𝑢 − 𝐸𝑐𝛽4𝜀𝑐2 𝛽2�+ 𝐴𝑠′ 𝑓′𝑠(𝑦 − 𝑑′) + 𝐴𝑠𝑓𝑠(𝑑 − 𝑦) + 𝐴𝑝𝜎𝑝𝑒𝑒𝑙(𝐷
− 𝑦) 
(2.104) 
2.5.4.2 HEATHCOTE AND RAOOF (2003) METHOD (METHOD II) 
2.5.4.2.1 UNIFORM STRESS BLOCK AFTER BS8110 (1997) 
Peeling moment is shown by MII,R in this case. 
 
 
𝑀𝐼𝐼,𝑅 = 𝐴𝑠𝑓𝑠 �𝑑 − 𝑎2 � + 𝐴𝑝𝜎𝑝𝑒𝑒𝑙 �𝐷2 − 𝑎�+ 𝐴𝑠′ 𝑓′𝑠 �𝑎2 − 𝑑′� + 0.18𝑏�𝑓𝑐𝑢(𝐻
− 𝑦) �13 (2𝐻 + 𝑦) − 𝑎2� 
(2.105) 
in which a is the depth of the neutral axis: 
 𝑎 = 𝐴𝑠𝑓𝑠 + 𝐴𝑝𝜎𝑝𝑒𝑒𝑙 + 0.18𝑏�𝑓𝑐𝑢(𝐻 − 𝑦) − 𝐴𝑠′ 𝑓𝑠′𝑏𝑓𝑐  (2.106) 
2.5.4.2.2 PARABOLIC STRESS DISTRIBUTION AFTER BS8110 (1997) 
Peeling moment is shown by MII,P in this case. 
(a) 𝜺𝒄 ≤ 𝜷 
 
𝑀𝐼𝐼,𝑃 = 𝑦2𝑏 �𝐸𝑐𝜀𝑐3 + 0.67𝑓𝑐𝑢 − 𝐸𝑐𝛽4𝛽2 𝜀𝑐2�+ 𝐴′𝑠𝑓′𝑠(𝑦 − 𝑑′) + 𝐴𝑠𝑓𝑠(𝑑 − 𝑦)+ 𝐴𝑝𝜎𝑝𝑒𝑒𝑙(𝐷 − 𝑦)+ 0.12𝑏�𝑓𝑐𝑢(𝐻 − 𝑦)2 
(2.107) 
(b) 𝜷 < 𝜺𝒄 ≤ 𝟎.𝟎𝟎𝟑𝟓 
 2. LITERATURE SURVEY ON PREMATURE FAILURES OF EXTERNALLY PLATED RC BEAMS 
75 
 
 
 
𝑀𝐼𝐼,𝑃 = 0.335𝑓𝑐𝑢𝑏(𝑦2 − 𝑦12)+ 𝑦2𝑏 �𝐸𝑐𝛽33𝜀𝑐2 + 0.67𝑓𝑐𝑢 − 𝐸𝑐𝛽4𝜀𝑐2 𝛽2�+ 𝐴𝑠′ 𝑓′𝑠(𝑦 − 𝑑′) + 𝐴𝑠𝑓𝑠(𝑑 − 𝑦)+ 𝐴𝑝𝜎𝑝𝑒𝑒𝑙(𝐷 − 𝑦)+ 0.12𝑏�𝑓𝑐𝑢(𝐻 − 𝑦)2 
(2.108) 
2.5.5 ANALYTICAL METHODS ON INTERFACE DEBONDING 
FAILURE 
Analysis of interfacial debonding is mostly based on studying the shear stress 
distribution across the plate length as it is believed to be due to loss of bond between 
the external plate and concrete surface or due to shear stress concentration at some 
critical points along the plate length. There are experimental and analytical methods 
on defining the shear stress distribution. Most of the experimental works analyse the 
shear stress distribution based on results of pull tests as explained in Figure 2.14 or 
interpreting the results of strain gauges which are mounted through the plate length 
such as Maalej and Bian (2001) work. On the other hand, some other analytical works 
develop a model which displays and analyses the shear stress distribution along the 
plate length; for example works done by Triantafillou and Plevris (1992), Sebastian 
(2001) and Leung and Tung (2001). 
According to Leung and Tung (2001) as it is shown in Figure 2.40 a, analytical 
models divide the debonding zone into two zones, one elastic zone in which the plate 
is not debonded (zone A) and one debonded zone in which the interfacial stresses lead 
to detachment of the plate (Zones B and C, in which zone C is the portion of the plate 
which is stress free). Debonding is explained due to a shear stress-displacement curve, 
τ−δ, such as shown in Figure 2.40 b. The displacement is calculated between the plate 
prior to debonding and the concrete surface. Displacement is considered as the 
deformation between two surfaces of the debonded portion after debonding. Taljsten 
(1996) considered the area beneath the τ−δ curve GF as the influential parameter in 
debonding. GF is the fracture energy required for debonding of the plate. However 
Brosens and Van Gemert (1998) consider two portions of the τ−δ , where one is 
related to debonding initiation in which the area of the τ−δ  curve to the peak point is 
considered and the other one related to ultimate debonding of the plate in which the 
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total area of τ−δ is taken into account. τ−δ behaviour is different among different 
existing models as shown in Figure 2.41 . Some models use bi-linear shapes in which 
shear stress increases linear up to a maximum value and it drops linearly afterwards 
till it reaches zero. However some other models use a linear decreasing behaviour in 
which shear stress decreases from maximum at plate’s end to zero. 
 
 
Figure 2.40 (a) Debonded and elastic zones for interfacial debonding (b) Shear-Displacement 
diagram at the interface, from Leung and Tung (2006) 
 
Figure 2.41 Different τ-δ models for shear bond between the plate and concrete surface, from 
Yuan and Wu (1999) 
Triantafillou and Plevris (1992) explained various reasons for debonding failure 
such as deficiently spread adhesive, horizontal propagating cracks initiating from the 
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bottom of the flexural cracks, a non-level tension face of the concrete beam which 
leads to separation of the external plate and fatigue loads. Using fracture mechanics, 
and application of the compliance method, debonding is studied based on the 
relationship between compliance of the member and strain energy release rate 
required for propagation of the crack. As an output, the debonding load for interfacial 
debonding failure is calculated. In this method, the strain energy release rate in case of 
in-plane shear strain is calculated from Equation (2.109). 
 𝐺𝐼𝐼 = 𝐾𝑃2𝑏 �𝜕𝐶𝜕𝑎� (2.109) 
where GΙΙ is the rate of strain energy release, b is width of the member, k is a constant 
which relates the load and the displacement to the strain energy, C is reciprocal of the 
gradient of the load deflection curve which is equal to u/P, u is displacement under 
the load P and a is the crack length. 
 
k is calculated from Equation (2.64): 
 𝑈 = 𝑘𝑃𝑢 (2.110) 
where U is the strain energy, and u is the displacement under the load P. 
For a specific load, P, the relationship between the compliance, C, and crack length, 
a, is obtained from a finite element method. Therefore for any crack length, 𝜕𝐶
𝜕𝑎
 could 
be found. Fracture occurs when the rate of strain energy release, GΙΙ,  reaches a critical 
value, GIIC, as shown in Equation (2.111): 
 𝐺𝐼𝐼𝐶 = 𝑘𝑃2𝑏 �𝜕𝐶𝜕𝑎� (2.111) 
The debonding load can then be calculated from Equation (2.111). The critical strain 
energy rate, GIIC, should be measured experimentally from the pull test. This method 
contains complexities especially considering the finite element analysis required to 
find the relationship between compliance and crack length,𝜕𝐶
𝜕𝑎
, which makes the 
analysis time consuming and error-prone.  
Taljsten (1994) studied debonding failure by a non linear fracture mechanics method 
and developed Equation (2.112) for the debonding load of the plate: 
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 𝑃𝑢 = �2𝐸𝑝𝑡𝑝𝐺𝑓1 + 𝛼𝑇  (2.112) 
where 𝛼𝑇 = 𝐸𝑝𝑡𝑝𝐸𝑐𝑡𝑐 , Ec and tc are elastic modulus and thickness of the concrete element 
respectively. 
Plevris et al. (1995) focused their work on debonding of the FRP plates from the 
beam soffit which is due to high interfacial stresses at the plate ends. The interesting 
fact in their work is that, it is applied for any kind of general external loading. The 
general loading is decomposed to a group of symmetric and anti-symmetric 
components and then the final solution is obtained by superimposing the two external 
loading cases. The solutions for both cases are closed-form. Their work presents a 
numerical method for simply supported plated beams based on energy approach. It 
covers a simply supported plated beam under arbitrary load distribution of q(x), axial 
force N and bending moments Mel and MeR applied to the beam ends (Figure 2.42).  
 
Figure 2.42 Beam and loading assumptions, from Plevris et al. (1995) 
The stress-free boundary condition at the ends of the FRP plate and adhesive layers is 
adopted. The solution is based upon solving the equilibrium equations for the ith layer 
in the plated beam section. For solving these equations, the interfacial normal and 
shear stresses are expressed as Fourier series, following solving numerous equations 
and minimising the total complementary energy, a final formula is obtained for both 
symmetrical and anti-symmetrical external loading cases. 
Hiroyuki and Wu (1997) performed series of FRP plated pull tests (double shear 
specimens) and proposed Equation (2.113) for debonding criterion.  
 𝜏𝑢 = 5.88𝐿−0.699 MPa (2.113) 
where τu is the average shear stress at failure and L is the length of the plate in pull 
test. Failure force Pu is calculated according to Equation (2.117), in which Le is the 
effective plate length. Effective length identifies a critical length that for longer plate 
lengths, L, the bond between plate and concrete surface doesn’t change. 
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 𝑃𝑢 = 𝜏𝑢𝐿𝑒𝑏𝑝 (2.114) 
 𝐿𝑒 = 𝑒6.13−0.58𝐿𝑛𝐸𝑝𝑏𝑝 (2.115) 
Sebastian (2001) stated that the inclined cracks occur due to shear bond stresses 
between plate and concrete which are transmitted to the concrete by the adhesive. The 
shear stress is written as: 
 𝜏 =  𝑡𝑝 𝑑𝜎𝑚𝑝𝑑𝑥 =  𝑡𝑝𝐸𝑝 𝑑𝜀𝑚𝑝𝑑𝑥  (2.116) 
In which τ is the shear stress, tp and Ep are plate thickness and young modulus, εmp is 
mean axial strain in the plate, σmp is mean axial stress in the plate and x is the location 
along the plate.  According to the authors, for initiation of debonding, any parameter 
which affects the axial stress in the plate would be effective; such as corrosion of the 
steel which is frequently seen in the bars adjacent to the cracks. 
Teng et al. (2001) proposed a debonding criterion based on results of pull tests but 
with further modification to the results, because their finite element studies showed 
different shear stress at flexural cracks when compared to the experiments. Equation 
(2.118) calculates the normal stress which leads to interfacial debonding: 
 𝜎𝑑𝑒𝑏𝑜𝑛𝑑 = 𝛼𝛽𝑝𝛽𝐿�𝐸𝑓𝑟𝑝�𝑓𝑐′𝑡𝑓𝑟𝑝  (2.117) 
where α is a calibration factor which takes the differences between the experimental 
and finite element results into account. 
Work done by Yang et al. (2004) covers the general external loading case and also 
the stress-free state of the FRP plated at the ends and the adhesive layers. The theory 
is based on the linear elastic material behaviour, therefore the application of the 
solution is suitable for the beams without severe cracking, which could be a restriction 
for applicability of this method (specially for the beams failed in shear with the brittle 
catastrophic nature of failure.) 
Lee and Moy (2007) proposed an analytical model based on the concept of effective 
strain in the laminate. According to their work, due to elastic behaviour of the 
laminate, the stress in the laminate is related to the corresponding strain; hence, it is 
important to predict the maximum strain in the plate. The effective strain based on 
their work is related to the parameters such as tensile stress of concrete, relative 
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rigidity of laminate to the concrete, laminate length and laminate width, taking all 
these parameters into account, their analysis led to Equation (2.118) for prediction of 
effective strain in the laminate:      
 𝜀𝑓𝑒 = 𝑘𝑓𝑐𝑢2/3𝛽𝑏
�𝐸𝑓𝑡𝑓 ℎ𝛽𝐿⁄
3
 (2.118) 
in which, fcu is compressive cubic strength of concrete, Ef is modulus of elasticity of 
the external plate, tf is thickness of the laminate, h is beam height, Lf is the distance 
from the plate end to the loading point, Ls is the shear span, βL is laminate length ratio 
(Lf/Ls), bf is laminate width, βb is laminate width ratio which is equal to 
��4 − 2 𝑏𝑓 𝑏⁄ �(1 + 𝑏𝑓 𝑏⁄ ) and b is the beam width. K is a constant which according 
to Lee and Moy (2007), is obtained based on tests done in the literature and their own 
experimental work and has the value of 3600 (N/mm2)-1/3. 
Rosenboom and Rizkalla (2008) proposed an iterative method for calculating the 
debonding strain of the FRP plate. They focused on the interfacial shear stress 
between the plate and the concrete surface assuming perfect bond. According to their 
work, peeling stresses are induced at plate ends due to sudden stiffness change after 
plate curtailment. Peeling stress however decrease while moving away from the plate 
ends towards the mid-span, hence; their effect could be ignored in the presence of 
interfacial shear stresses. Therefore, debonding occurs when the interfacial stress is 
equal to the shear strength of the weaker interface, which is normally concrete than 
the adhesive layer (due to higher shear strength of the adhesive layer). The amount of 
1.8f’t has been adopted for the shear strength of concrete (f’t= tensile strength of 
concrete). The interfacial shear stresses are composed of two parts, τw which is the 
shear stress induced by external load and τsc which is the shear stress due to stress 
concentration.(Figure 2.43). 
The shear stress due to applied load, τw, is obtained by: 
 𝜏𝑤 𝑚𝑎𝑥 = 𝑛𝐸𝑓𝑡𝑓 𝜀𝑑𝑏 − 𝜀𝑓@𝑦𝑎 − 𝑥  (2.119) 
nEftf = axial stiffness of FRP plate (including n which is the number of FRP 
laminates), εdb = FRP strain at debonding moment (Mdb),εf@y = Tensile strain in the 
FRP plate correspondent to the first yield of internal steel at moment of My, xy = 
distance from the support to the location of first yielding of internal steel at My, a = 
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shear span of the beam equal to the distance from the support to the maximum 
moment location. 
 
 
Figure 2.43 Interfacial shear stresses, Rosenboom and Rizkalla (2008) 
For calculation of the maximum shear stress induced by stress concentration, τsc, a 
calibration factor obtained from experimental work has been used. The calibration led 
to the below equation for the maximum shear induced by stress concentration: 
 𝜏𝑠𝑐 𝑚𝑎𝑥 = 2.15 (1.1 − 𝑀𝑦𝑀𝑑𝑏)�𝑓𝑐′ (2.120) 
in which My = bending moment at which the first yield of the steel bars occurs, Mdb = 
debonding moment for the FRP plate and f’c = concrete compressive strength. 
As stated earlier, the authors calibrated Equation (2.120) for the conservative design 
purposes, with the final equation as below: 
 𝜏𝑠𝑐 𝑚𝑎𝑥 = 3(1.1 − 𝑀𝑦𝑀𝑑𝑏)�𝑓𝑐′ (2.121) 
The procedure to obtain the final debonding strain in Rosenboom and Rizkalla (2008) 
debonding model is based on an iterative method, assuming the debonding strain for 
the FRP plate in the first step and moving forward to calculation of maximum shear 
stresses induced by applied load. The debonding criterion equates the final obtained 
shear stress to shear strength of concrete, i.e.,1.8 f’t.  
In a finite element (FE) analysis and also test done by Cui et al. (2009) two CFRP 
plated RC beams with two different thicknesses were studied. It was observed that 
high stress concentrations around the flexural cracks may trigger the debonding of the 
plate, but at the same time, with propagation of debonding, the stress concentrations 
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vanish rapidly. Taking the debonding failure load from the experiment and applying it 
to the FE analysis, it was shown that debonding occurs when the principal stress in the 
interface reaches the tensile strength of concrete initiating from a flexural crack 
(Figure 2.44). 
 
 
Figure 2.44 Principal stresses at interface of CFRP plate and concrete, Cui et al. (2009) 
The authors analysed the shear stress distribution in the interface layer, and showed 
that with increase in distance from anchored end of the plate, the shear stress will 
decrease rapidly. It was also observed that the specimen with thicker layer of laminate 
had larger shear stress than the one with thinner layer (Figure 2.45). 
 
Figure 2.45 Shear stress distribution along the plate, Cui et al. (2009) 
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Krour et al. (2010) proposed an analytical closed form model for prediction of 
interfacial debonding in plated beams. The model includes solving various differential 
equations and as it claims, it includes some assumptions which other existing 
analytical models have ignored. It includes the contribution of shear strains of the 
adhesive layer and also it covers the curvature mismatch between the plate and the 
adhesive layer. However the main assumption in this analytical solution is based on 
elastic behaviour of all materials,  
Ombres (2010) classified the intermediate crack debonding into two categories, one 
which happens at a single flexural crack, while there exists no other cracks between 
the plate end and the flexural crack, and the other type which happens when there 
exist many flexural cracks along the beam, debonding propagation depends on the 
tensile force distribution in the plate at the cracked sections. The author proposed an 
analytical nonlinear model for prediction of intermediate crack induced debonding for 
type two of the debonding. It considered the length of the plated beam between two 
adjacent cracks (called as a block) undergoing bending moment (Figure 2.46). It is 
assumed that the block subjected to the maximum moment will induce the debonding 
failure and debonding is propagated to the other blocks located between the other 
cracks along the length of the beam. 
Assuming the part of the beam located between two cracks, the translational and 
rotational equilibrium equations for the whole section, the strain compatibility 
equations between two adjacent points between steel bars and concrete and external 
plate and concrete and finally the stress equilibrium of the steel bars are written and 
then they could be solved by a numerical method such as finite difference method. 
However, the material behaviour is considered as elastic. 
 
Figure 2.46 The “block” located between two adjacent cracks, Ombres (2010) 
Another assumption made in the analysis is zero bond stress in the middle of the 
block and the maximum slip between the external plate and concrete. Using a finite 
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difference method and solving equations of compatibility and equilibrium in order to 
find the debonding load makes the use of this model complicated and time 
consuming. The authors also showed that the steel reinforcement ratio has no specific 
effects on the intermediate crack induced debonding. Also the effect of beam size has 
also been assessed on the debonding failure and it was shown that with increase in h/b 
(height over width of the beam), the debonding strain will reduce. 
Zhang and Teng (2010) proposed a simple and general analytical method with the 
advantage of applicability to any kind of general external loading and beam geometry. 
Similar to other analytical models, one of the assumptions in their analysis is the 
elastic behaviour of all materials. They mentioned that in an RC plated beam, the 
effects of cracking only appears at plate end which is located in the regions of low 
bending moment; hence, the elastic behaviour could be still valid. But depending on 
the strength of the concrete and the loading configuration as well as the plate 
curtailment location, this general justification seems not sufficient to justify using the 
elastic behaviour for concrete. As a validation for the proposed method, Zhang & 
Teng have compared the results of their work with the results obtained from FE 
analysis, yet, validation of their method with experimental work seems necessary. 
2.6 SUMMARY AND CONCLUSIONS 
For externally steel or FRP plated beams, failure categories are extended due to 
occurrence of premature failures; they happen prior to the final flexural failure of the 
beam, hence the beam cannot reach its full enhanced capacity. Considering the 
various categories assigned to each case of premature failure which exist in the 
literature, in this thesis they are categorised into two major groups; peeling or 
concrete cover separation and interface debonding failure, where the former happens 
with separation of the external plate from its end and propagates towards the centre of 
the beam, and the latter happens at the toe of a flexural or flexural/shear crack through 
the beam length and propagates towards the plate end. In literature review section, 
both experimental and analytical works have been differentiated based on these two 
groups of premature failures. Review of the experimental and analytical works done 
on studying the behaviour of plated RC beams, reveals the complexity of the problem. 
Experimental work is a crucial asset to verify the proposed models for assessing the 
behaviour of strengthened beams. In the authors view, majority of the experimental 
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works show the influence of parameters such as plate geometry, tensile strength or 
modulus of elasticity of the plate in the final strength of the upgraded beam, failure 
load of the plated beam and strength increase due to addition of the plate. Due to 
various points of view and interpretations about premature failures, it is difficult to 
ascertain which mode of failure is happening. Not many experimental works have 
studied the crack propagation patterns which is a key factor in order to analyse the 
behaviour of the strengthened beam. Therefore the experimental works give the reader 
a general overview of the strengthened beam’s behaviour but they don’t unify the 
reported conclusions and leave the reader with a vague overview about the influential 
parameters. Noteworthy to mention that most of the experimental works are done for 
small number of test beams therefore generalising the results for the behaviour of all 
the plated beams is a question to be raised. On the other hand, analytical models 
benefit from a strong theoretical background based on fracture mechanics or finite 
element methods, yet, majority of them consider materials in elastic state or use a 
shear pull test as an asset to describe the shear distribution at the interface between the 
plate and concrete surface, which is different from stress conditions for a beam under 
bending. Also the solutions are in the form of complex equations including calibration 
factors which have been derived from few experiments with a small range of beam 
design parameters. Therefore proposing two separate criteria for peeling and 
debonding failures which have a clear approach towards the problem is necessary. 
Due to importance of experimental verification of proposed models, the author 
decided to collect an extensive database which covers a wide range of beam design 
parameters. For this purpose it was decided to search the existing literature in details 
and collect a large database which includes 484 FRP plated beams and 203 steel 
plated beams as shown in Appendix A and B. It provides a basis for verification of the 
proposed criteria for premature failures and covers all failure types regardless of 
peeling and debonding. This database is a collection of the majority of the 
experimental works in the literature where possible. Verification of theoretical models 
based on this database consequently makes the proposed models more reliable. In 
review of analytical works done on peeling failure, there exist various models which 
the concrete tooth model is chosen as a criterion for assessment of peeling failure. 
This is due to the clear approach of the Tooth model towards assessing the crack 
patterns and description of the peeling phenomena in a step by step algorithm. 
Therefore in chapter 3, experimental verification of the tooth model will be described 
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based on the collected database to assess the results. Meanwhile in chapter 3 the 
results of two simplified methods will be compared and possible limits of the Tooth 
model will be explained as well. In case of debonding failure, lack of a simple, 
understandable, time saving and easily applicable model seems bold. Therefore a 
shear strength based model for debonding failure will be proposed in chapter 4. 
Consequently next to the tooth model for prediction of peeling, a final premature 
failure criterion will be proposed, which will cover both debonding and peeling cases. 
Assessment of the final criteria will be done using the collected database.  
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Chapter 3 
 
3 STUDY OF TOOTH MODEL AND EXTENSION FOR 
UNIFORM LOADING CASE 
3.1 INTRODUCTION 
This chapter focuses on studying the Tooth model and comparison of its predictions 
with the experimental values. As described in section 2.5, Tooth model predicts the 
peeling failure load (Moment) of an externally steel or FRP plated beam under four 
point loading, while the available experiments in the literature have reported the 
failure load of a plated beam in practice, therefore a comparison between the 
theoretical and experimental results could be used as an asset to study the analysis 
steps and at the same time to investigate the reliability of the Tooth model. Having 
reviewed the literature, all the data is collected in a way that a wide range of critical 
beam design parameters such as concrete compressive strength, beam dimensions, 
plate dimensions, plate modulus of elasticity and plate tensile strength is covered. It is 
noteworthy to mention that the database comprises of 687 FRP and steel plated 
beams. As stated in chapter 2, experimental works performed on the behaviour of 
plated beams are done on different number of test beams, where there is no limits to 
understand whether the number of test beams are enough to draw conclusions or not. 
For example 19 tests done by Mcdonalds (1982), 57 by Oehlers and Moran (1990) , 
16 by Ritchie et al. (1991), 26 by Oehlers (1992), 25 by Rahimi and Hutchinson 
(2001), 16 by Pham and Al-Mahaidi (2004), 16 by Brena and Macri (2004), 13 by 
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Sharma et al (2008),  28 by Ceroni and Pecce (2009). On the other hand, more 
comprehensive databases are those collected by Hassanen (2000) with 169 beams, 
Bonacci and Maalej (2001) with 119, Smith and Teng (2003) with 44, Pesic and 
Pilakoutas (2003) with 77, Heathcote (2004) with 323, Colotti et al (2004) with 103, 
Colotti et al. (2006) with 124, Rosenboom and Rizkalla (2008) with 55, Saxena et al. 
(2008) with 163 and Said and Wu (2008) with 200 plated beams. This comparative 
view shows that the size of the currently collected database (687 beams) could 
properly represent the population; hence it could be considered as a suitable database 
for assessment of premature failure models. This is significant as the use of a larger 
sample size in the analysis will consequently give more reliable illustration and 
conclusions. 
3.2 NOTES AND ASSUMPTIONS ON ASSOCIATED TABLES 
The tables which describe test beams’ specifications are shown in Appendix A and B. 
Where Table A.1 and Table B.1 show the beam specifications for FRP and steel 
plated beams respectively. The correspondent references are listed prior to each table 
and denoted with numbers. The reference numbers are shown in the tables A.1 and 
B.1 in the Ref.No. column so that the source for each selected beam is distinguished. 
The tables show all the required parameters for prediction of peeling failure based on 
the Tooth model. There are few assumptions used in the calculations which are listed 
as below: 
• Concrete compressive strength used in the tooth model is the concrete cube 
strength fcu, therefore where ever cylinder strength is reported in the 
experiments, a conversion factor of 0.8 according to Murdock et al (1991) has 
been used to convert the cube strength to compressive strength, , i.e., 𝑓𝑐𝑢 = 𝑓𝑐0.8. 
• If the concrete cover in compression is not stated in the reference, it is 
assumed to be equal to the concrete cover in tension. 
• Concrete modulus of elasticity Ec is calculated based on BS8110 (1997) 
equation; 𝐸𝑐 = 5.5�𝑓𝑐𝑢 (MPa). 
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Description of the other parameters presented in the tables could be found in  
Table 3.1 and Figure 3.1. 
h
ds
ds
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h'
bp
b  
Figure 3.1 Typical plated beam section 
 
 
Table 3.1 Guide key for test beams presented in Table A.1 
Label Description Formula 
Original Beam No. 
Name of the beam used in the 
experiments according to the 
correspondent reference 
- 
 
New Beam No. 
The new label assigned to the 
test beam in order to display the 
beam in relevant graphs and 
tables in the thesis 
- 
b 
Width of the concrete section 
(mm) 
- 
h 
Height of the concrete section 
(mm) 
- 
No. 
Number of compressive or 
tensile steel bars 
- 
Dia. 
Diameter of tensile or 
compressive bars (mm) 
- 
h’ 
clear concrete cover (mm) 
 
Distance between the outer 
compressive fibre of the beam 
to the extreme surface of the 
tensile bars. 
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Label Description Formula 
fcu 
Concrete cube compressive 
strength (MPa) 
𝑓𝑐𝑢 = 𝑓𝑐0.8 
 
Ec 
Concrete modulus of elasticity 
(MPa) 
𝐸𝑐 = 5.5�𝑓𝑐𝑢 
 
fy Steel bars yield stress (MPa) - 
Es 
Steel bars modulus of elasticity   
(MPa) 
200GPa if not stated in the 
reference 
bp External plate width (mm) - 
tp External plate thickness (mm) - 
Lp 
Length of the external plate in 
the shear span (mm) 
- 
fp 
External plate’s yield or rupture 
stress (MPa) 
- 
Ep 
External plate’s modulus of 
elasticity (MPa) 
- 
ta Adhesive’s thickness (mm) 
1mm if not stated in the 
reference 
a Shear span (mm) 
Distance between the load point 
and the nearest support in case 
of four point loading 
Ref. No. 
Number of the associated 
reference which the beam has 
been chosen from 
- 
3.3 RANGE OF DESIGN PARAMETERS IN DATABASE 
The experiments done on plated beams include test beams under four point loading 
but with various geometry, concrete strength and plate material. Therefore it is 
necessary to study the various variables which the collected database covers and have 
an estimation of the different parameter’s range of variability. This is a proper 
identification for a database which shows that which extent of variables it covers. As 
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mentioned earlier, the database includes 484 FRP and 203 Steel plated beams. The 
range of beam design parameters are shown in Table 3.2 and  
Table 3.3 where Max. stands for the maximum value, Min. stands for the minimum 
value, AVG. stands for average and STDEV stands for standard deviation. The 
database covers beams with concrete cube compressive strengths 19.6 ≤ fcu ≤ 104 
MPa, shear spans 243 ≤ a ≤ 2500 mm, FRP plate modulus of elasticity 10.3 ≤ Ep ≤ 
637 MPa, as well as certain other beam design parameters as given in relevant tables. 
Average and standard deviation values are also shown to have an overview about 
scatter of data.  
Table 3.2 Range of certain primary beam design parameters in FRP plated beams database. 
FRP plated beams 
Limits tp          (mm) 
fp      
(Mpa) 
Ep             
(GPa) 
ρs 
(%) 
a 
(mm) 
d 
(mm) a/d 
fcu        
(Mpa) bp/tp 
Max 12 4519 637 5.83 2500 730.5 13.1 100 2700 
Min 0.08 55 10.3 0.32 300 64 1.89 19.6 12.5 
AVG 1.22 2593.6 171.5 1.18 780.2 192.4 4.44 49.1 252.2 
STDEV 1.46 1220.4 81.9 0.81 415 99.5 2.18 15 289.2 
 
Table 3.3 Range of certain primary beam design parameters in Steel plated beams database 
Steel plated beams 
Limits tp          (mm) 
fp      
(Mpa) 
Ep             
(GPa) 
ρs 
(%) 
a 
(mm) 
d 
(mm) a/d 
fcu        
(Mpa) bp/tp 
Max 15 337 220 13.1 1700 270 11.7 104 141 
Min 1 175 180 0.39 243.5 102 1.67 28 2.5 
AVG 4.1 277 205.5 2.01 662 172.2 3.92 52.3 38.3 
STDEV 2.2 37.4 6.24 1.94 262 54.3 1.44 13.8 24.1 
3.4 NEUTRAL AXIS OF A PLATED SECTION ACCORDING 
TO TOOTH MODEL AND COMPARISON OF THE TWO 
SIMPLIFIED METHODS 
The origin for neutral axis depth is the compressive surface of the section. First step to 
calculate the neutral axis is finding the plate peeling stress based on Equation (2.82). 
The peeling stress is then compared to the plate rupture or yield stress for FRP or steel 
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plate respectively, with their minimum chosen as the final stress in the plate. (As the 
stress in the plate is less than the yield or rupture stress). 
Simplified methods of Hassanen and Raoof (2002) and Heathcote and Raoof (2003) 
are followed in order to compare the results. Hassanen and Raoof (2002) simplified 
method is labelled as method I and Heathcote and Raoof (2003) simplified method as 
method II in the following sections. Method I calculates the neutral axis based on 
Equation (2.95) and method II calculates it based on Equation (2.99).The main 
difference between the two methods is that method II includes tensile concrete in the 
calculation of neutral axis depth. Heathcote and Raoof (2003) states that the peeling 
stress in the external plate is very much lower than the plate’s rupture/yield stress and 
consequently this small peeling stress is comparable to concrete tensile strength, 
hence tensile concrete could be influential in calculation of the neutral axis depth. 
However, Heathcote and Raoof (2003) haven’t clearly stated that how small should be 
the stress in the plate to be comparable to the tensile stress of concrete. Therefore in 
order to clarify this statement, comparison between the values of neutral axis in all 
FRP and steel plated beams for both methods is done and the results are shown in 
Figure 3.2 and Figure 3.3. Each data point on the graph has an abscissa of yI and 
ordinate of yII, therefore the closer each data point to the 45 degree line, the closer the 
values of yI and yII. Due to different material behaviour for steel and FRP it was 
decided to separate the graphs. Both methods calculate the neutral axis with nearly 
identical values, with some exceptions especially for steel plated beams. It should be 
mentioned that considering the range of variation of yI/yII, it was decided to choose an 
index of 80% for comparative analysis and for consistency, this value is kept constant 
for further comparative studies in following chapters. Therefore any two values with 
ratio less than 80% are considered as non identical and any two values with ratio 
equal to or larger than 80% are considered as close values. 80% could be a suitable 
candidate considering all the inevitable analytical approximation or experimental 
errors. Following this indicative value of 80%, steel plated test beams with the ratio of 
yI/yII less than 0.8 have been shown in Figure 3.2 with red markers. As Figure 3.3 
shows, the results of two methods for FRP plated beams were more similar apart from 
three specimens as shown on the plot; specimens 6A (No.99), B11 (No. 10) and B12 
(No.11) with yI/yII equal to 0.7, 0.7 and 0.3 respectively. 
The two methods were studied and compared together to find out the reason for the 
differences less than 80% in some specimens. The potential reason for disparity from 
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45 degree line could be related to εct/εp ratio which enters simplified method II 
According to Equation (2.99). (Ratio of concrete tensile strain to plate strain). Due to 
small decimal values of εct/εp, it was decided to study the inverse ratio of it, i.e., εp/εct. 
Having an overview on plate and tensile concrete strain, for steel plated beams, εp/εct 
varies between 1.5 to 21.1 with mean of 8. While for FRP plated beams it varies 
between 1.6 and 225 with the mean of 75.2. According to Figure 3.4, for steel plated 
beams in which εp/εct is less than 6, the two methods have less than 80% similarity. 
Comparison of the two methods for FRP plated beams is shown in Figure 3.5 and as it 
is seen, non identical specimens with less than 80% similarity have a ratio εp/εct less 
than 20. In order to propose a limitation for the tooth model, the comparison between 
peeling moments will be done in next section and the results will be analysed to have 
an overview besides the neutral axis comparison. 
 
 
Figure 3.2 Comparison between neutral axis depths for methods I and II, steel plated beams  
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Figure 3.3 Comparison between the values of neutral axis for methods I and II, FRP plated 
beams, specimens 6A, B11 and B12 have εp/εct  less than 20, therefore are located far from 45 
degree line 
 
Figure 3.4 Relationship between ratio of neutral axis in method I and II (yI/yII) with ratio of 
strains in plate and tensile concrete (εp/εct) in steel plated beams 
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Figure 3.5 Relationship between ratio of neutral axis in method I and II (yI/yII) with ratio of 
strains in plate and tensile concrete (εp/εct) in steel plated beams 
3.5 PREMATURE PEELING MOMENT BASED ON THE 
TOOTH MODEL  
All the required steps to calculate the peeling moment are listed as below, a brief 
description for each is also provided. 
1. Having the neutral axis depth, y, from method I (Equation (2.95)) or method II 
(Equation (2.99)), the peeling stress in the plate, σpeel, is calculated from Equation 
(2.82). 
2. The plate strain, εpeel, is calculated by substituting σpeel in 𝜀𝑝𝑒𝑒𝑙 = 𝜎𝑝𝑒𝑒𝑙𝐸𝑝 . 
3. Comparison between the peeling strain and plate rupture strain in case of FRP plate 
or yield strain in case of steel plate should be done, the final plate strain would be: 
𝜀𝑝 = min�𝜀𝑟𝑢𝑝𝑡𝑢𝑟𝑒 , 𝜀𝑝𝑒𝑒𝑙�        FRP plate 
𝜀𝑝 = min�𝜀𝑦𝑒𝑖𝑙𝑑 , 𝜀𝑝𝑒𝑒𝑙�           Steel Plate 
4. The strain for concrete is calculated based on Equation (2.88),i.e., 𝜀𝑐 = 𝜀𝑝 𝑦𝑑+ℎ−𝑦 
5. The upper limit for εc according to BS8110 (1997) is 0.0035, any values higher 
than the upper limit for εc from step 4 should be replaced by 0.0035, showing that the 
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concrete is crushed. The plate strain εp should be calculated again based on this strain, 
therefore the new value for εp would be as 𝜀𝑝 = 0.0035(𝑑+ℎ−𝑦)𝑦  . Having the final 
values for εc and εp, peeling moment for method I based on Equations (2.100) in case 
of rectangular stress assumption and Equations  (2.103) and (2.104) in case of 
parabolic stress assumption can be calculated. Peeling moment for method II is 
calculated from Equation (2.105) in case of rectangular stress assumption and 
Equations (2.107) and (2.108) in case of parabolic stress assumption. 
Peeling moment calculations for FRP and steel plated beams database are shown in 
Table C.1 of Appendix C for FRP and Table D.1 in Appendix d for steel plated 
beams. In this table, the peeling moment is calculated based on both methods I and II. 
In order to verify the Tooth model, its peeling moment prediction, Mpeel, should be 
compared to the experimental failure moment, Mexp, reported in the corresponding 
references, to do so, the ratio of Mexp/Mpeel can be used as measure to study the 
reliability of the Tooth model, which means that the closer the ratio of Mexp/Mpeel to 1, 
the closer the theoretical and experimental values to each other, hence the more 
accurate the theory. It is noteworthy to mention that in some experiments, the value of 
un-plated beam capacity has also been reported, which is obtained from the tests done 
on control beams where available. In this way, the final plated beam capacity and the 
control beam strength can be compared to identify the changes due to the addition of 
the external plate.  
3.5.1 COMPARISON OF RESULTS BETWEEN METHODS I AND II 
FOR FRP PLATED BEAMS  
According to section 3.5 there are two assumptions for concrete compressive stress 
distribution; rectangular and parabolic which the correspondent peeling moments are 
denoted by P and R subscripts respectively, both peeling moments have been 
calculated and comparison of results are shown in Figure 3.6, the numerical values are 
shown in Tables C.1 and D.1 of the appendices C and D with abbreviations of MI,P for 
peeling moment based on parabolic stress distribution following method I, MI,R for 
peeling moment based on rectangular stress distribution following method I, MII,P for 
peeling moment based on parabolic stress distribution following method II and MII,R 
for peeling moment based on rectangular stress distribution following method II. 
Having nearly identical values based on two stress distribution assumptions, it was 
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decided to use the parabolic stress distribution for determination of peeling moment in 
further comparative analysis following Equations (2.104) and (2.105) for method I 
and Equations (2.107) and (2.108) for method II. 
Following the selection of parabolic stress distribution for compressive concrete, 
peeling moments in both methods I and II were obtained and comparison of the 
results revealed discrepancy in some specimens while showing identical values for 
other specimens. The ratio of peeling moment in method I to the ratio of peeling 
moment in method II varies between 0.44 and 0.98 with the average of 0.85. Figure 
3.7 shows the comparative values and it could be seen that method I calculates 
peeling moment with a value less than method II. The underlying reason could be due 
to the role of tensile concrete contribution in the final capacity of the section. Figure 
3.8 shows the cumulative distribution of MI/MII. The comparison displays that 17.3% 
of ratios of MI/MII is less than 80% (84 out of 484 specimens). 
 
Figure 3.6 Comparison of parabolic and rectangular stress distribution, FRP plated beams 
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Figure 3.7 Comparison between peeling moments of method I and method II, FRP plated  
beams 
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Figure 3.8 Cumulative distribution of peeling moment ratios in methods I and II 
 
Figure 3.9 Comparison between two methods of calculating peeling moment with strain 
ratios, FRP plated beams 
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No. 37) with MI /MII = 0.57, εp=0.03% and εct=0.0065, one can obtain εp/εct =4.6. 
While in specimen C.1 (New No.155) with MI/MII = 0.95, εp=0.79% and εct=0.0065, 
the ratio of εp/εct will be equal to 121.5, i.e., εp/εct =121.5. Therefore in specimen C3-
L3-A in which the peeling strain in the plate is a closer value to concrete tensile 
strain, the contribution of tensile concrete shows more, hence use of method II will be 
more accurate. If the experimental and theoretical failure moments are compared; for 
specimen C3-L3-A the experimental failure moment is reported as 13.53 MPa while 
MI is calculated as 7.73 MPa and MII is equal to 11.89 MPa, therefore peeling moment 
in method II is closer to the experimental value due to effect of tensile concrete, 
however in specimen C.1 MI is equal to 18.35 MPa, MII is 18.38 MPa and the 
experimental reported failure moment is 19.06, therefore there is no significant 
difference between the peeling moments calculated based on methods I and II and 
both predict identical values. 
This highlights the importance of studying the applicability of methods I and II in 
calculation of peeling moments with taking the εp/εct ratio into account. 
3.5.2 COMPARISON OF RESULTS IN METHODS I AND II FOR 
STEEL PLATED BEAMS  
The same procedure as FRP plated beams is followed for steel plated beams; peeling 
moments in both methods I and II were calculated and results were compared as 
shown in Figure 3.10 . The ratio of peeling moment in method I to the ratio of peeling 
moment in method II varies between 0.3 and 1.4 with the average of 0.71 and 
standard deviation equal to 0.17. Figure 3.11 shows the cumulative distribution which 
displays that 71% of ratios of MI/MII is less than 80% (144 out of 203 specimens) 
which is much larger than the FRP plated beams with MI/MII <80% which was 17.3%. 
Therefore for steel plated beams the two methods show greater difference in results. 
The effect of concrete tensile strain and plate peeling strain was studied in the same 
way as FRP plated beams as shown in Figure 3.12. According to this plot, for beams 
with MI/MII < 0.8, strain ratios vary between 2 and 14 and a certain limit similar to 
FRP plated beams (εpeel/εct <6) could not be set. 
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Figure 3.10 Comparison of results between method I and II, steel plated beams 
 
Figure 3.11 Cumulative distribution of peeling moment ratios in methods I and II, steel plated 
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.  
Figure 3.12 Relationship between moment ratios and strain ratios, steel plated beams 
Table 3.4  Predictions of method I and method II for neutral axis and peeling moment and 
comparison of strains in plate and tensile concrete  
FRP Plated Beams Steel Plated Beams 
yI/yII 
Max 0.99 Max 0.97 
Min 0.26 Min 0.36 
AVG 0.91 AVG 0.76 
STDEV 0.074 STDEV 0.12 
MI/MII 
Max 0.98 Max 1.41 
Min 0.44 Min 0.31 
AVG 0.85 AVG 0.71 
STDEV 0.08 STDEV 0.17 
εp/εct 
Max 225.3 Max 21.08 
Min 1.6 Min 1.5 
AVG 75.19 AVG 8.02 
STDEV 59.06 STDEV 5.36 
 
Table 3.4 shows a brief summary of comparative study for FRP and steel plated 
beams. Following the discussions about neutral axis and peeling moments, it can be 
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concluded that for FRP plated beams in which εp/εct is less than 20, values of neutral 
axis for two methods are not identical, while values of MI/M-II are not similar if εp/εct is 
less than 40. For steel plated beams values of neutral axis for two methods are not 
similar if εp/εct is less than 6, while there is no clear limit for this ratio for non-
identical peeling moments.  
3.6 COMPARISON BETWEEN THEORETICAL PEELING 
MOMENTS AND EXPERIMENTAL FAILURE MOMENTS  
In order to have an overview of Tooth model predictions, it was decided to compare 
its predicted peeling moments with experimental failure moments. The results are 
depicted in Figure 3.15 and Figure 3.16, while the numerical values are reported in 
tables C.1 and D.1 of Appendices C and D. In the associated plots the abscissa shows 
the specimen numbers and the ordinates show ratios of Mexp/Mpeel. Therefore a straight 
line passing ordinate 1 has been drawn to investigate the scatter of data around 1. If 
the ratios of experimental values to theoretical values are closer to 1, predictions of 
the Tooth model is more accurate in theoretical view. However for practical purposes, 
following the same approach for neutral axis comparison, specimens in which 
Mexp/Mpeel is above 0.8 are considered as a good prediction for Tooth model and those 
with Mexp/Mpeel less than 0.8 are considered as draw backs of the model. Meanwhile a 
range of safety has been introduced which contains ratios between 0.8 and 2. Hence 
specimens with ratios less than 0.8 are considered as weak prediction of the Tooth 
model and those with ratios above 2 are considered as over-estimating predictions 
(considering all the factors of safety entering loading conditions and design methods 
and casting errors, a model which predicts up to 2 times the experiment could be 
considered as a suitable model). This plot shows estimation for reliability of the Tooth 
model. Predictions of the Tooth model for steel plated beams are shown in Figure 
3.13 and Figure 3.14. No specimens had Mexp/MI <0.8 and 111 specimens had Mexp/MI 
>2, therefore in total 111 out of 203 (54.7%) specimens had ratios out of our defined 
zone. While for method II, 3 specimen had Mexp/MII <0.8 and 60 specimens had 
Mexp/MII >2, therefore 63 out of 203 (31%) had ratios out of our defined range. This 
shows that in case of steel plated beams, method II has better predictions than method 
I (ratios are closer to 1). 
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Figure 3.13 Comparison of experimental failure moments and theoretical peeling moments 
based on method I, steel plated beams 
 
Figure 3.14 Comparison of experimental failure moments and theoretical peeling moments 
based on method II, steel plated beams  
For FRP plated beams, according to Figure 3.15 and Figure 3.16, following method I, 
37 specimens had Mexp/MI <0.8 and 121 specimens had Mexp/MI >2, therefore in total 
158 out of 484 (32.64%) specimens had ratios out of our defined zone. While for 
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method II, 62 specimen had Mexp/MII <0.8 and 71 specimens had Mexp/MII >2, 
therefore 133 out of 484 (27.5%) had ratios out of our defined range. Comparing these 
results it was decided to use method II for further calculations related to peeling 
moment. 
 
Figure 3.15 Comparison of experimental failure moments and theoretical peeling moments 
based on method I, FRP plated beams 
 
Figure 3.16 Comparison of experimental failure moments and theoretical peeling moments 
based on method II, FRP plated beams 
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Distribution of Mexp/MII varies between 1.54 to 8.56 with the average of 1.74 and 
standard deviation of 0.83, as shown in cumulative distribution plot in Figure 3.17. 
 
Figure 3.17 Cumulative distribution for ratios of experimental failure moment to theoretical 
peeling moment based on method II, steel plated beams 
The distribution of Mexp/MII has the maximum value of 5.05 and minimum value of 
0.21 with the average of 1.41 and standard deviation of 0.74 for FRP plated beams. 
According to cumulative distribution as shown in Figure 3.18, 28% of the data lie 
below 1.00 which shows the under-estimation of the Tooth model for calculating the 
peeling moment. It is worth mentioning that the rest 70% of ratios lie above 1.00, 
which is a safe value, however large ratios above 2 will obviously have an over-
estimated value for the peeling moment. This shows us that using the Tooth model for 
prediction of the premature peeling failure is quite trustworthy, however a need for 
completing the premature failure criterion seems necessary for specimens with 
underestimated predictions.  
Following cumulative distribution plot for steel plated beams as shown in as shown in 
Figure 3.17, only 7.8% of the data lie below 1.00 which sounds more reliable than 
peeling predictions for FRP plated beams. 
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Figure 3.18 Cumulative distribution for ratios of experimental failure moment to theoretical 
peeling moment based on method II, FRP plated beams 
 
3.6.1 CONTRIBUTION OF THE EXTERNAL PLATE IN ULTIMATE 
CAPACITY OF THE FRP PLATED BEAMS  
Another point worth mentioning is the contribution of the external plate in the final 
capacity of the beam. For this purpose a comparison has been made between the final 
failure moments of the FRP plated beams reported in references, Mexp ,and also the 
capacity of the control (un-plated) beams, MRC,exp. In some cases the control beam 
capacity has not been reported, hence those specimens are excluded from the 
database. It is worth mentioning that in some experiments, the ultimate moment 
capacity of the FRP plated beam can be lower than ultimate (failure) moment capacity 
of the original corresponding unplated RC beams, as for the specimens below 
horizontal line passing 1 in Figure 3.19. This is very crucial to mention that in the 
absence of effective design against the occurrence of premature failures, external 
plating can sometimes significantly weaken (rather than strengthen) the RC beam.  
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Figure 3.19 Comparison between un-plated beam capacity and plated beam capacity for 
specimens which the un-plated beam capacity has been reported in experiments, FRP plated 
beams 
Another interesting study is the incremental effect which the plate has made to the 
ultimate capacity of the beam. 389 specimens out of 484 total FRP plated beams had 
the control beam capacity reported in the corresponding reference. The beams in 
which the final strength is less than the control beam strength are less than 0.5% of 
the total specimens; however it is an important note to take into account in upgrading 
of the beams with external plates. This study shows that the average increase in 
ultimate capacity of the beam in the presence of the plates is 1.67 which means 67% 
increase in comparison with the control beam. However it should be mentioned that 
due to occurrence of the premature failure, in many test beams the plate cannot be 
mobilised up to its full capacity, which is another important reason for the need of 
strengthening the plated beams against premature failures.  
Another point worth mentioning is the contribution of the plate in the final capacity of 
the beam according to the Tooth model. The peeling stress in many cases is far 
smaller than the plate yield or rupture stress which shows the critical phenomenon of 
the peeling failure, i.e., the material is not mobilised fully to its ultimate capacity, 
hence waste of material while occurrence of peeling failure is a point to take into 
account. As Figure 3.20 and Figure 3.21 show, 50% of the FRP laminates are 
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mobilised up to only 30% of their final strength. This is the same for steel plated 
beams, confirming the influential effect of premature failure in preventing the plates 
reaching their maximum expected strength and consequently degrading the 
strengthening scheme. 
 
Figure 3.20 Plate mobilization in comparison with plate’s rupture stress, FRP plated beams 
 
Figure 3.21  Plate mobilization percentage in comparison with plate’s yield stress, steel plated 
beams 
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3.7 EXTENSION OF THE TOOTH MODEL FOR THE CASE 
OF UNIFORM LOADING 
The concept of concrete tooth and analysis of the peeling stress was initially proposed 
for the case of simply supported beam under four point loading by Zhang et al. (1995) 
which the details could be found in section 2.5. The main assumption of the analysis 
is a uniform distribution of shear stress throughout the specific length of the external 
plate called as effective length Lp. Consider the externally plated beam under uniform 
loading q and a clear span L as shown in Figure 3.22: 
L
B
q
a
x
A
 
Figure 3.22 Externally plated RC beam under uniform loading 
The bending moment at a distance x from the support is given by: 
 𝑀(𝑥) = 𝑞𝑥2 (𝐿 − 𝑥) (3.1) 
Also from Equation (2.67) the moment in the concrete section is:                                                      
 𝑀 = 0.67𝑓𝑐𝑢𝑏𝑑𝑠 − 12 0.67𝑓𝑐𝑢𝑏𝑠2 + 𝐹𝑝ℎ (3.2) 
Substituting M from (3.1) to (3.2) gives: 
 
𝑞𝑥2 (𝐿 − 𝑥) = 0.67𝑓𝑐𝑢𝑏𝑑𝑠 − 12 0.67𝑓𝑐𝑢𝑏𝑠2 + 𝐹𝑝ℎ (3.3) 
Differentiation with respect to x: 
 
𝑞2 (𝐿 − 2𝑥) = 0.67𝑓𝑐𝑢𝑏(𝑑 − 𝑠) 𝑑𝑠𝑑𝑥 + ℎ 𝑑𝐹𝑝𝑑𝑥  (3.4) 
Assuming ds/dx=0 for small L gives: 
 
𝑑𝐹𝑝
𝑑𝑥
= 𝑞
2ℎ
(𝐿 − 2𝑥) (3.5) 
Therefore: 
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 𝐹𝑝 = 𝑞2ℎ (𝐿𝑥 − 𝑥2 + 𝑐) (3.6) 
where c is a constant derived based on the boundary conditions, i.e., Fp=0 at x=a 
giving: 
 𝑐 = 𝑎(𝑎 − 𝐿) (3.7) 
Therefore the tensile force throughout the length of the plate towards the midspan 
(𝑎 < 𝑥 < 𝐿/2) will be: 
 𝐹𝑝 = 𝑞2ℎ (𝐿𝑥 − 𝑥2 + 𝑎(𝑎 − 𝐿)) (3.8) 
Differentiation of Fp with respect to x, gives the shear stress τ. Therefore it could be 
concluded that the distribution of shear stress throughout the plate length towards the 
middle of the beam is linear (in case of uniform loading). As it was shown before, in 
the case of four point loading, the shear stress distribution was found to be uniform, 
similar to the vertical shear throughout the length of the beam.  The similarity 
between shear stress distribution and the vertical shear across the beam, however, is 
based on the assumption of negligible ds/dx throughout the beam span for small 
amounts of L (Figure 3.22). This is a noteworthy point noticed in the analysis for 
uniform loading case. Now that the shear stress distribution along the plate interface is 
assumed to be linear, the same steps as the case of four-point loading are followed to 
calculate the peeling stress. 
Assuming the shear stress at the plate end where it terminates, τ, shear stress drops to 
zero through the effective length Lp, therefore: 
 
12 𝜏𝐿𝑝𝑏𝑝 = 𝜎𝑡𝑡𝑝𝑏𝑝 (3.9) 
therefore: 
 𝜎𝑡 = 𝜏𝐿𝑝2𝑡𝑝  (3.10) 
According to Figure 3.23(b), the shear stress τ drops to zero at the mid span, therefore 
it could be assumed that half of the whole length of the plate could be considered as 
Lp in the case of uniform loading, however following the same procedure as the case 
of four point loading, the final Lp is the minimum of Lp/2 (half of plate length) and 𝐿𝑝1  
which is obtained from Equations (2.84) or (2.85). To assess the validity of this 
assumption the theoretical and experimental results in case of uniform loading have 
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been compared. Due to difficulties in simulating the uniform loading conditions in the 
laboratory, there are very few experimental works reported in the literature and it 
required a thorough search in the available literature to find the cases which properly 
present the uniform loading. 
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Figure 3.23 Diagrams for tensile force in the plate (Fp), bending moment (M), vertical shear in 
the beam (V) and interfacial shear stress (τ) for (a) simply supported beam under four point 
loading and (b) simply supported beam under uniform loading 
𝐹𝑝 = 𝑞2ℎ (𝐿24 + 𝑎(𝑎 − 𝐿)) 
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3.7.1 EXPERIMENTAL DATA ON UNIFORM LOADING OF 
EXTERNALLY PLATED BEAMS 
Two series of experiments simulating uniform loading case have been found in the 
literature. One done by Pan et al.(2009) and the other one done by Aprile and Feo 
(2007). Beam specifications in both series are shown in Table 3.9. In Pan et al. (2009) 
tests, a series of tests have been conducted on beams by stacking the hydraulic 
loading machine, leading to simulation of two, four and eight point loads. It was 
decided to consider the case of four and eight external point loads as the closest case 
to uniform loading (Figure 3.24). 
 
Figure 3.24 Tests on uniform loading cases (a) two point loads, (b) Four point loads and (c) 
Eight point loads, Pan et al. (2009) 
The beam cross sections had 150mm width and 200 mm height. Reinforcing steel bars 
were two 10 mm diameter bars with the yield stress fy equal to 550 Mpa and Young’s 
modulus of elasticity equal to 202 GPa. The cylinder compressive strength of concrete 
𝑀 = 𝑞𝐿2 8⁄  
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was measured as 59 Mpa. Strengthening plates were composed of FRP plates with the 
same width as the beam section, tensile strength of 4200 MPa and Young’s modulus 
of 235 GPa. The average thickness of the epoxy was 2 mm. FRP layers varied in each 
strengthening scheme. For each specimen the first index shows the specimen name, 
the second index shows the number of loading points and the last index shows the 
number of FRP layers, for example D4-P8-L2 shows specimen D4 with four point 
loads and two layer of FRP laminates. The fcu column is concrete cube strength which 
is obtained by concrete cylinder strength divided by a factor of 0.8. 
Following the explained method for calculation of effective length in uniform loading 
case, values of 𝐿𝑝1  obtained from Equations (2.83) or (2.84) are compared with half of 
the whole plate length (which is 1650/2=825 mm). The calculated effective length and 
σpeel based on Equation (2.82) are shown in Table 3.5. 
Table 3.5 Effective length and peeling stress calculation for Pan et al. (2009) experimental 
work 
Beam u    (kN/m) 
Ae          
(mm2) 
ΣObars 
(mm) 
Lmin    
(mm) 
Lp2      
(mm) 
Lp            
(mm) 
σsmin    
(Mpa) 
D1-P2-L2 2.40 14100 62.83 85.18 340.71 340.71 538.45 
D2-P2-L2 2.40 14100 62.83 85.18 340.71 340.71 538.45 
D3-P4-L2 2.40 14100 62.83 85.18 340.71 340.71 538.45 
D4-P8-L2 2.40 14100 62.83 85.18 340.71 340.71 1615.36 
D5-P8-L4 2.40 14100 62.83 85.18 340.71 340.71 1615.36 
D6-P2-L6 2.40 14100 62.83 85.18 340.71 340.71 1615.36 
D7-P4-L6 1.25 12000 188.50 64.69 258.76 258.76 320.25 
D8-P8-L6 1.25 12000 188.50 64.69 258.76 258.76 320.25 
D8-P8-L6s 1.25 12000 188.50 64.69 258.76 258.76 320.25 
 
Following the simplified method including the tensile stress of concrete in 
calculations of the neutral axis, which was introduced as method II, calculated peeling 
moments are shown in Table 3.6. Comparison of experimental and theoretical values 
shows that the developed model predicts the peeling moment close to the 
experimental values. In this table, Mexp is the experimental value of failure moment 
and MII is the theoretical calculated value. The last column shows the ratio of 
experimental to theoretical values. 
Another experimental work done by Aprile and Feo (2007) consists of four CFRP 
plated beams with 250 mm height and 150 mm width with the clear span of 2000 mm 
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where point loads were applied to 14 points along the beam span as shown in Figure 
3.25. 
Table 3.6 Experimental and theoretical values for Pan et al. (2009) experiments 
Beam Mexp (kN.m) MII (kN.m) Mexp/MII 
D1-P2-L2 24.5 25.7 0.95 
D2-P2-L2 26.3 25.7 1.02 
D3-P4-L2 29.7 25.7 1.16 
D4-P8-L2 31 25.7 1.21 
D5-P8-L4 40.4 21.9 1.85 
D6-P2-L6 37.2 18.5 2.01 
D7-P4-L6 33.6 18.5 1.82 
D8-P8-L6 32.9 18.5 1.78 
D8-P8-L6s 34.7 18.5 1.88 
 
 
Figure 3.25 Uniform loading, Aprile and Feo (2007) 
 
Figure 3.26 Test set up for experiments done by Aprile and Feo (2007) 
The average cylinder compressive strength of concrete was 16 Mpa and the internal 
reinforcement consisted of three 20mm bars with the yield stress fy equal to 515 Mpa. 
The CFRP sheets had the tensile strength of 1450 MPa and Young’s modulus of 300 
GPa with 50 mm width and 1.4 mm thickness (Figure 3.26). The summary of beam 
specifications is shown in Table 3.9. 
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The effective length and peeling stress are shown in Table 3.7. Effective length is 
calculated according to the method described in section 3.7. 
Table 3.7 Effective length and peeling stress for Aprile and Feo (2007) tests 
Beam u     (KN/m) 
f't           
(MPa) 
Ae                    
(mm2) 
ΣΟbars   
(mm) 
lPmin          
(mm) 
L1p            
(mm) 
Lp  
(mm) 
σsmin  
(MPa) 
SB4/01/0.95 1.3 1.6 12000 188.5 64.7 258.8 258.8 320.2 
SB4/02/0.85 1.3 1.6 12000 188.5 64.7 258.8 258.8 320.2 
SB4/03/0.75 1.3 1.6 12000 188.5 64.7 258.8 258.8 320.2 
SB4/04/0.65 1.3 1.6 12000 188.5 64.7 258.8 258.8 320.2 
 
Table 3.8 Experimental failure moment and theoretical peeling moments for Aprile and Feo 
(2007) tests 
Beam Mexp (KNm) 
MII 
(KNm) 
Mexp/ 
MII 
SB4/01/0.95 28.6 29.1 0.98 
SB4/02/0.85 30.19 29.1 1.04 
SB4/03/0.75 30.19 29.1 1.04 
SB4/04/0.65 28.6 29.1 0.98 
 
Table 3.8 shows the comparison between theoretical and experimental moments. As it 
is seen, the ratios of experimental to theoretical values are very close to 1. 
As the experimental to theoretical ratios show in Table 3.6 and Table 3.8, it could be 
concluded that the assumptions about effective length for the case of uniform loading 
are rational. However further verification of the model with experimental work will 
make the assessment more robust. 
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Table 3.9 Beam specification according to Pan et al. (2009) and Aprile and Feo (2007) tests 
Ref. Beam 
Concrete section Steel Bars FRP  Plates 
b    
(mm) 
h      
(mm) 
Bars in Comp Bars in tension 
fcu           
(MPa) 
Ec           
(MPa) 
fy         
(MPa) 
Es           
(GPa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(MPa) 
Ep          
(GPa) No. Dia. (mm) 
Cover 
(mm) No. 
Dia.  
(mm) 
 h’ 
(mm)  
Pa
n 
et
 a
l. 
(2
00
9)
 
D1-P2-L2 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.220 712.5 4200 235 
D2-P2-L2 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.220 712.5 4200 235 
D3-P4-L2 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.220 825.0 4200 235 
D4-P8-L2 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.220 825.0 4200 235 
D5-P8-L4 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.440 825.0 4200 235 
D6-P2-L6 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.660 712.5 4200 235 
D7-P4-L6 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.660 825.0 4200 235 
D8-P8-L6 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.660 825.0 4200 235 
D8-P8-L6s 150 200 2 8 32 2 10 32 73.8 47233 550 202 150 0.660 825.0 4200 235 
A
pr
ile
 &
 
Fe
o 
(2
00
7)
 SB4/01/0.95 150 250 2 6 30 3 20 30 20 24597 515 210 50.0 1.40 950.0 1450 300 
SB4/02/0.85 150 250 2 6 30 3 20 30 20 24597 515 210 50.0 1.40 850.0 1450 300 
SB4/03/0.75 150 250 2 6 30 3 20 30 20 24597 515 210 50.0 1.40 750.0 1450 300 
SB4/04/0.65 150 250 2 6 30 3 20 30 20 24597 515 210 50.0 1.40 650.0 1450 300 
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3.8 SUMMARY AND CONCLUSIONS 
In this chapter the collected database composed of 687 steel and FRP plated RC 
beams has been shown in details and range of beam design parameters for the 
database has been demonstrated. Calculations of the neutral axis have been discussed 
based on the two simplified methods of Hassanen and Raoof (2002) and Heathcote 
and Raoof (2003) (denoted by method I and method II respectively) and comparison 
between the results of these methods has been done. Analysis of results showed that 
there was no significant difference between the values of neutral axis for the two 
methods (the ratios of neutral axis depth in two methods were over 80% and more) 
except in cases in which the peeling strain in the plate was close to the concrete 
tensile strain. For FRP plated beams, specimens with εp/εct smaller than 20 showed 
less similarities than 80% between two methods. However this limit was equal to 6 
for steel plated beams, i.e., for specimens in which εp/εct was smaller than 6, the two 
methods had less than 80% similarity. Peeling moments based on the two methods 
was calculated for both FRP and steel database and comparison of results was done. 
For FRP plated beams, it was shown that if the value of plate peeling strain is close to 
the value of concrete tensile strain with the ratio of 40 and less (εp/εct<40), two 
methods result in different values with less than 80% similarity. However for steel 
plated beams a definite value could not be found and comparison of theoretical and 
experimental values showed that method II has a better correlation with experimental 
values than method I. Therefore decision was made to use method II for calculation of 
peeling stress and also calculation of the neutral axis. 
In order to study the reliability of the Tooth model, comparison of results for two 
methods with experimental values was done. In this case ratios of experimental to 
theoretical values was calculated and compared with unity. Hence the closer this ratio 
to 1 meant the better the prediction of the Tooth model. However to have a numerical 
range for assessing the reliability of the model, it was decided that if the ratio of 
experimental to theoretical values lie between 0.8 and 2, then the results could be 
viewed as reliable and on the safe margins.  Some specimens had the ratio below 0.8 
or over 2, which were considered as draw backs of the Tooth model (under-estimated 
and over-estimated values). In summary, considering method II, for 484 FRP plated 
beams, the average ratio of experimental to theoretical values was 1.41, while 27.5% 
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of the data had ratios above 2 or less than 0.8. For the case of steel plated beams, the 
average ratio of experimental to theoretical values was 1.74, while 54.7% of ratios 
were either below 0.8 or above 2. This fact should be of concern, which shows that 
peeling criterion is not solely enough to predict the premature failure load of a plated 
beam and another criterion should be proposed in order to have a trustworthy model 
which covers the draw backs of the Tooth model. Therefore in the next chapter a 
criterion for assessment of interface debonding is developed in order to propose a 
more comprehensive model for premature failure of plated beams.  
Another topic covered in this chapter was the contribution of the plate to the final 
capacity of the beams. For this purpose the values of experimental ultimate moments 
were compared to the values of the control beam capacity for FRP plated beams. In 
some specimens interestingly the value of the ultimate moment for plated beam was 
less than the value of the control beam capacity, hence bringing in to attention the 
crucial importance of avoiding premature failures and preventing the misuse of the 
external plates. 
For 484 FRP plated beams in the database, it was found out that the average amount 
of increase in ultimate capacity of the beams in the presence of the FRP plates is 1.67 
which means 67% increase in comparison with the control beam, however with 
prevention of the premature failures, the increase in ultimate capacity could be 
increased. 
At the end, the Tooth model was extended for the case of uniform loading case which 
is common loading type in practice. The assessment of the modified model was done 
by comparing the results of experimental and theoretical values, the ratios were close 
to one, showing that the proposed model predicts good values for the case of uniform 
loading. 
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Chapter 4 
 
4 SHEAR DEBONDING FAILURE OF EXTERNALLY 
STEEL/FRP PLATED RC BEAMS 
4.1 INTRODUCTION 
As mentioned in section 2.2.2, amongst different defined categories for premature 
failure of plated beams, two categories have been assigned to premature failure; 
peeling failure being the first one which was discussed in details in chapter 3 and the 
interface debonding failure being the second one. In experiments done by Jansze et al. 
(1996), Philipe et al. (1991), Garden et al. (1997), Spadea et al. (1998), Pornpongsaroj 
and Pimnas (2003) , Pham and Al-Mahaidi (2004) and Heathcote (2004), the external 
plates were anchored at the ends in order to prevent the peeling of the plate, in this 
case the premature failure started from detachment of the plate in the shear span and 
propagated towards the plate’s end. As stated in section 2.5.5, many analytical models 
have studied the shear stress distribution throughout the plate length in order to 
analyse the debonding of the plate. In this section it is assumed that this kind of 
failure initiates with a shear crack. Therefore it was decided to initially study the shear 
failure of an un-plated beam and afterwards investigate the interface debonding 
failure by adding the external plate to the virgin (un-plated) beam. In this chapter a 
preliminary introduction to shear failure of an un-plated beam is presented, afterwards 
the chosen method for calculation of shear strength is described in details and then 
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this method is extended for studying the shear debonding failure of a plated beam. A 
novel interface debonding model will be proposed, where the verification of the 
model is performed by the previous assessment approach for peeling failure model, 
which is comparison between theoretical and experimental results. Experiments in 
which the plated beams (steel and FRP) are failed in interface debonding have been 
collected from the literature and results have been compared with the predictions of 
the proposed model to see the accuracy of the model for predicting the debonding 
load. 
4.2 RC BEAMS IN SHEAR 
A considerable amount of literature has been published on shear failure of an RC 
beam where majority of them state that shear failure of an RC beam under four point 
loading depends on the key factor of a/d, in which a is the shear span and d is the 
effective depth of the concrete section (distance from the outer most compressive 
surface of the section to the centre of the internal tensile reinforcement). 
There is a range of variation of a/d ratio proposed by different researches which 
indicates the failure type of an RC beam; Kani (1964) mentioned the load-carrying 
capacity of different beams with similar section properties but different a/d ratios 
ranging from 1.5 to 6, and showed that for beams with a/d = 2.5, the flexural capacity 
of the beam decreased to 50% of the full flexural capacity and for ratios less than 1.5 
and ratios over 5, the flexural capacity reached the full expected capacity. Zsutty 
(1968) likewise mentioned the critical value of 2.5 for a/d ratio, where beams with a/d 
less than 2.5 are considered as short beams and have shear capacity more than 
correspondent slender beam, where the slender beam is the same beam with a/d  
larger than 2.5. Kotsovos (1983) classified the beam behaviour under four point 
loading and different a/d ratios to four categories: (I) The beam develops its full 
flexural capacity, (II) Failure initiates by an inclined crack appearing at the tip of the 
first outermost flexural crack (closer to the supports) proceeding by propagation of the 
crack along the reinforcement level, propagation could be towards the load point or 
towards the support (III) Failure caused by forming an independent shear crack and 
(IV) Failure caused by a diagonal shear crack connecting the support to the load point. 
Later on Kotsovos (1987) illustrated the concept of compressive force path where 
diagonal shear crack appears and compressive force transfers through a curved 
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compressive path to the support. Following this concept, Kotsovos then classified the 
beams under four point loading into two categories of (1) a/d less than 2 to 2.5, in 
which the compressive path has linear pattern in the middle span and intersects with 
load point and (2) beams with a/d ratio larger than 2-2.5 in which the compressive 
force path has two linear sections in the shear span intersecting at the tip of the 
diagonal shear crack. Kong and Evans (1980) categorised the beams according to a/d 
ratio into three groups of (a) a/d less than 2.5, in which failure is due to crushing of 
concrete, (b) a/d between 2 and 3 in which flexural failure or shear compression 
failure occurs and (c) a/d between 3 to 7 in which failure of the beam is due to 
formation of diagonal shear crack.  Kim et al. (1999) observed that the shear capacity 
of a short beam is equal to the shear capacity of the corresponding slender beam but 
magnified by a factor bigger than one. 
Considering the governing effect of a/d ratio on failure mode of un-plated beams, the 
effect of this ratio on the strength and behaviour of externally steel or FRP plated 
beams consequently concerns researchers.  Hollaway and Leeming (2000) have 
mentioned that for a/d values greater than 4.0, the end anchorage has no structural 
role in strength of the section aside from holding the crushed concrete, because the 
plate separates from concrete surface. They presented a similar criteria to un-plated 
beams, where for values of a/d between 2.22 and 3, failure of the plated beam starts at 
the plate end, while for a/d values between 3 and 4, failure occurs in the shear span 
and finally for a/d values greater than 4 failure starts in the neighbourhood of the load 
point. These findings related to a/d ratios, could provide us with some information 
related to influence of this ratio for plated beams. 
4.3 KIM AND WHITE (1999) APPROACH ON CRITICAL 
CRACK LOCATION IN AN UN-PLATED RC BEAM WITH OUT 
WEB REINFORCEMENT  
This section summarises an existing model for prediction of shear capacity of an un-
plated RC beam without web reinforcement. The chosen model is proposed by Kim 
and White (1999) and because of its clear and simplified analysis procedure and also 
the advantage of the model for predicting the shear crack location, it has been chosen 
for further extension to investigate the behaviour of plated beams. 
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Kim and White (1999) proposed a semi-empirical model for shear failure of an RC 
beam, focusing on the crack patterns. The stress re-distribution after occurrence of 
shear crack and also the crack patterns remarkably play role in shear cracking. 
Experimental work done by Kim and White (1999) on beams under four point loading 
has shown that there is a similarity in critical shear crack characteristics, i.e., the 
diagonal crack initiates in the neighbourhood of the outer flexural crack and is closely 
located above the level of the main tensile reinforcement as shown in Figure 4.1. They 
denoted the shear force necessary to induce the diagonal critical shear crack as the 
shear cracking load. 
 
Figure 4.1 Inclined shear crack initiation, from Kim and White (1999) 
Kim and White (1999) then used the concept of shear stress in an elastic 
homogeneous beam with rectangular section with further modifications considering 
the occurrence of flexural cracking in an RC beam. Shear stress 𝜈 in the shear span of 
an elastic beam under four point loading is obtained from Equation (4.1): 
 𝜈 =  𝑀𝑏𝐼𝑎𝑥 � 𝑦𝑑𝐴ℎ/2𝑦1  (4.1) 
where M is the bending moment in the shear span, I is the second moment of area of 
the section, y1 is the arbitrary location along the beam section where shear stress is 
desired, h is the beam height and ax is the location throughout the shear span in which 
the shear stress is desired (section nn’) as shown in Figure 4.2. The horizontal shear 
force is then calculated by considering the area in which the shear stress is distributed, 
which is the surface pp’ in Figure 4.2, therefore the shear force V is equal to: 
 𝑉 = 𝜈𝑏𝑎𝑥 (4.2) 
Merging Equations (4.1) and (4.2), shear stress can be re-written as: 
 𝜈 = 𝑉𝑄𝐼𝑏  (4.3) 
 4. SHEAR DEBONDING FAILURE OF EXTERNALLY STEEL/FRP PLATED RC BEAMS 
124 
 
in which Q is the first moment of the area of the section and b is the width of the 
section. 
 
Figure 4.2 (a) Elastic beam under four point loading and (b) Shear stress in the section, from 
Kim and White (1999) 
For a beam under four point loading, shear force is constant in the shear span, 
therefore shear stress distribution varies according to the first moment of area of the 
section, Q, which varies as a parabola as shown in Figure 4.3. 
 
Figure 4.3 Distribution of shear stress for an elastic beam with homogeneous rectangular 
cross section, from Kim and White (1999) 
In order to have the same analogy with the elastic beam but taking the cracked 
concrete material behaviour into consideration, Kim and White included effects of the 
deformations during flexural cracking and according to their experimental work and 
location of the critical shear crack, they chose section nn’ at the outermost flexural 
crack location and section pp’ parallel to the main tensile reinforcement as shown in 
Figure 4.4. Considering the equilibrium of section m’n’p’p and neglecting the tensile 
cracked concrete, the horizontal shear stress acting on section pp’ is calculated from 
Equation (4.4): 
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 𝜈 = 𝑇𝑏𝑎𝑐 (4.4) 
where T is the tensile force in the main tensile bars and ac is the location of the critical 
crack. 
 
Figure 4.4 (a) Critical shear crack in the cracked section and (b) Analysis of the section, from 
Kim and White (1999) 
Although the equation for shear stress in cracked section looks similar to the equation 
for an elastic section (Equations (4.3) and (4.4)) but Kim and White altered the 
equations because of non elastic behaviour of cracked section. They studied the main 
factors affecting the shear stress in case of non elastic material. Two main factors 
were investigated considering composite action of steel and concrete and also stress 
redistribution after cracking: 1. Bond effects and 2. Arch action. The brief discussion 
about each factor is described below. 
4.3.1.1 BOND EFFECTS 
Due to the close neighbourhood of section pp’ and main tensile reinforcement (Figure 
4.4), Kim and White assumed that the horizontal shear distribution on surface pp’ 
follows the same pattern with the bond stress between tensile bars and concrete, this is 
due to transfer of shear by bond stress. They assumed that the bond stress distribution 
reaches a maximum value adjacent to the outer flexural crack and reduces towards the 
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ends of the tensile bars as shown in Figure 4.5. The authors then mentioned that after 
cracking of the section and due to transfer of bond, there is a major shear stress 
concentration just adjacent to the outer flexural crack and above the level of 
reinforcement which is indicated as critical zone in Figure 4.4 (a). 
 
Figure 4.5 Distribution of bond stress, from Kim and White (1999) 
This dramatic change in shear stress will lead to diagonal shear cracking at the level 
of reinforcements and adjacent to the outer flexural crack. For this reason, the authors 
named the outer flexural crack as critical flexural crack and the tensile force in the 
bars as the critical tension, Tc. Consequently the shear stress at the critical section 
should be magnified in order to be compatible with the bond stress distribution; hence 
magnification factor mb is entered into Equation (4.4) for taking the bond effects into 
consideration. Finally critical shear stress vc is calculated from Equation (4.5): 
 𝜈𝑐 = 𝑚𝑏 � 𝑇𝑐𝑏𝑎𝑐� (4.5) 
where mb is obtained by considering the differences between the average shear stress 
and the maximum shear stress, vmax/vavg , as shown in Figure 4.5. 
4.3.1.2 ARCH ACTION 
The conventional method for calculation of the lever arm in a reinforced section is 
well defined for the beam sections located in the constant moment zone leading to a 
constant lever arm for the beam. Kim and White’s (1999) finite element analysis 
confirmed this assumption as shown in Figure 4.6. However due to flexural cracking 
and propagation of the flexural cracks in the shear span and alteration of bending 
moment, the constant lever arm assumption is not valid for the sections located in the 
shear span. Kim and White’s (1999) finite element analysis showed that the lever arm 
in the shear span is smaller than the calculated lever arm in the constant moment zone. 
At locations close to the support, the compressive stress tends to be more uniform and 
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the neutral axis shifts downwards, hence the lever arm is smaller when approaching 
towards the support as it is seen in Figure 4.7 . 
This phenomenon is considered as the development of the arch action, where in the 
shear span, tensile force in the bars has a greater value than the tensile force in the 
constant moment zone.  
 
 
Figure 4.6 Neutral axis prior to cracking, from Kim and White (1999) 
 
Figure 4.7 Lever arm in the shear span, from Kim and White (1999) 
Kim and White stated that in the middle of the shear span, the tensile force could be 
1.5 times or more than its value in the constant moment zone. In a similar approach to 
bond effects investigations, Kim and White proposed magnification factor ma for 
taking the arch action effect into consideration, ma is equal to z0/zc, in which z0 is the 
lever arm in the constant moment zone and zc is the actual lever arm in the critical 
section. The modified tensile force at critical section will consequently be equal to 
maT0, in which T0 is the tensile force in the constant moment zone.  Considering both 
arch action and bond effects shear stress, ν, is re-written in Equation (4.6). 
 𝜈 = 𝑚𝑎𝑚𝑏 � 𝑇0𝑏𝑎𝑐� (4.6) 
For a beam under four point loading, the bending moment at distance ac (which is the 
assumed location of critical crack) is equal to Vac, in which V is the shear force in the 
shear span, therefore the tensile force in the steel bars could be obtained from 
Equation (4.7): 
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 𝑇0 = 𝑉𝑎𝑐𝑧0  (4.7) 
Combining Equations (4.6) and (4.7) gives the shear stress, ν, as below: 
 𝜈 = 𝑚𝑎𝑚𝑏 � 𝑉𝑏𝑧0� (4.8) 
Kim and White emphasized on magnification effects of mamb in shear force and stated 
that the magnification factor could be more than 3. As a verification, they mentioned 
the experimental shear cracking failure loads which is often one-third of the load 
calculated by conventional methods. With further analysis, Kim and White (1999) 
proposed Equation (4.9) for the location of the critical shear crack. 
 𝑎𝑐 = 3.3 � 𝜌(𝑑 𝑎⁄ )2(1 −�𝜌)2�1/3 𝑎 (4.9) 
where ac is the location of the critical crack from the support. This equation will used 
in proposed model for interface debonding. 
4.4 BEAM ACTION AND ARCH ACTION IN AN UN-PLATED 
RC BEAM WITH OUT WEB REINFORCEMENT 
In a beam under any general loading case, the relationship between shear force, V, and bending 
moment, M, is given by: 
 𝑉 = 𝑑𝑀𝑑𝑥  (4.10) 
For a reinforced concrete section, however the bending moment is equal to: 
 𝑀 = 𝑇 × 𝑧 (4.11) 
in which T is the tensile force in the steel bars ad z is the lever arm, therefore merging 
Equations (4.10) and (4.11) gives: 
 𝑉 = 𝑑(𝑇 × 𝑧)𝑑𝑥 = 𝑧 𝑑𝑇𝑑𝑥 + 𝑇 𝑑𝑧𝑑𝑥 (4.12) 
The first term is the rate of change of the tensile force along the beam which is called 
the beam action and the second term is the rate of change of the lever arm across the 
beam span which is called the arch action.  
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4.4.1 LEVER ARM  
Although the lever arm is nearly constant in the constant moment zone, Kim and 
White (1999) have shown that in the shear span, the lever arm is variable and changes 
from zero at the support to maximum value under the load point. Therefore the second 
term in Equation (4.12),𝑇 𝑑𝑧
𝑑𝑥
 is not negligible in shear span and should be taken into 
consideration. As mentioned earlier, the main factor affecting the contribution of 
beam action and arch action in shear capacity of a beam is the ratio of shear span to 
effective depth, a/d. Kim et al. (1999) stated that for beams with a/d smaller than 2.5, 
arch action mainly governs the shear capacity of the beam, while for beams with a/d 
bigger than 2.5, beam action is the main consideration in the shear capacity. Kim et al. 
(1999) tested beams with various a/d ratios and their experimental results showed that 
after flexural cracking, in the constant moment zone, the measured tensile force in the 
steel bars is the same as the predicted value which is calculated by conventional 
cracked beam analysis. However, in the shear span, the tensile force in the bars was 
higher than the calculated value with the highest value measured at the sections closer 
to the beam supports as shown in Figure 4.8, this is a verification for the effect of arch 
action. According to Figure 4.8; as the external load increases and flexural cracking 
propagates, the difference between the actual tensile force in the bars and the tensile 
force calculated in the constant moment zone increases. However this difference is 
noticeable in the shear span and it is not significant in the constant moment zone. Kim 
et al. (1999) denoted the actual lever arm with zm and the lever arm in the constant 
moment zone with z0. As Figure 4.9 shows, due to arch action effects, the actual lever 
arm in the shear span is smaller than the calculated value, z0.  
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Figure 4.8 Variation of tensile force in steel bars across the span with increase in the applied 
load, from Kim and White (1999) 
In order to explain the variation of tensile force in steel bars in the shear span, Kim et 
al. (1999) proposed Equation (4.13): 
 𝑇𝑚 = 𝑇𝐵 + 𝑇𝐴 (4.13) 
in which Tm is the actual measured tensile force in the steel bars, TB is the tensile force 
in the bars in the constant moment zone and TA is the increase in the tensile force due 
to arch action.  
 
Figure 4.9 Lever arm in the shear span of the beam, Kim et al. (1999) 
Kim et al. (1999) experimental work showed that the ratio of TA over TB is constant 
after the cracking load is reached, they denoted this ratio with α: 
 𝑇𝐴 = 𝛼𝑇𝐵 (4.14) 
On the other hand, the lever arm is proportional to the tensile force: 
 
𝑧0
𝑧𝑚
= 𝑇𝑚
𝑇0
 (4.15) 
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in which z0 is the lever arm calculated based on the conventional method and T0 is the 
corresponding tensile force in the bars calculated from the same method (which is the 
same as the tensile force due to beam action, TB). Merging Equations (4.14) and 
(4.13) will give: 
 𝑇𝑚 = (1 + 𝛼)𝑇𝐵 = (1 + 𝛼)𝑇0 (4.16) 
Considering equations (4.15) and (4.16) a formula for zm will be obtained: 
 𝑧𝑚 = 11 + 𝛼 𝑧0 (4.17) 
Following the decreasing trend of the lever arm towards the support, Kim et al. (1999) 
then proposed an arch shape distribution for lever arm along the shear span as shown 
in Equation (4.18) : 
 𝑧(𝑥) = �𝑥𝑎�𝑟 𝑧0 (4.18) 
in which z0 is the lever arm calculated in the constant moment zone based on the 
conventional method and r is an empirical constant. The arch is shown in Figure 4.10.  
For determination of r, Kim et al. used the experimental results and after a regression 
analysis, they proposed Equation (4.19) for r value. It is noteworthy to mention that 
this equation gives r according to the a/d ratio and is valid for both slender beams and 
short beams. r has a maximum value of 1 which shows linear transfer of compressive 
load from the load point to the support. 
 𝑟 = �𝑑
𝑎
�
0.6 (𝜌)−0.1 ≤ 1 (4.19) 
 
Figure 4.10 Arch trend for the lever arm in shear span, Kim et al.(1999) 
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4.4.2 KIM ET AL. (1999) MODEL FOR SHEAR CAPACITY OF AN 
UN-PLATED RC BEAM WITHOUT WEB REINFORCEMENT 
In order to have a better illustration of the two components of shear in Equation 
(4.12), Kim et al.(1999) have demonstrated Figure 4.11 on the internal forces in the 
section and Figure 4.12 for illustration of beam action and arch action and their 
contribution in shear capacity of the beam. As it is seen, shear is internally resisted by 
transfer of tensile force via bond between the steel bars and concrete or in other words 
the beam action as shown in Figure 4.12 (a) and also by the internal arch shape 
compressive trajectory or arch action as shown in Figure 4.12 (b). The final shear 
resistance is obtained by contribution of these two terms. Pure arch action occurs 
when there is no transfer of forces between the bars and concrete (zero bond), which 
happens in the areas where concrete is cracked. 
 
Figure 4.11 Internal forces in the shear span and the lever arm z(x), Kim et al.(1999) 
Kim et al. (1999) proposed two separate equations for taking the beam action and arch 
action into account with the final shear strength of the beam being the sum of the two 
terms. For the beam action term which is 𝑧 𝑑𝑇
𝑑𝑥
, they proposed Equation (4.20). 
 𝑉𝐵𝑒𝑎𝑚 = 0.2�1 −�𝜌��𝑓′𝑐(𝑑𝑎)𝑟𝑏𝑑 (4.20) 
arch action is derived from Equation (4.21): 
 𝑉𝐴𝑟𝑐ℎ = 204�1 −�𝜌� �𝑑𝑎�𝑟+0.6 𝜌0.9 𝑏𝑑 (4.21) 
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Figure 4.12 (a) Beam action and (b) Arch action and the compressive force path, Kim et al. 
(1999) 
Finally the shear strength of the beam is obtained by adding the two terms divided by 
the area which is: 
 𝜈𝑢 = 𝑉𝐴𝑟𝑐ℎ + 𝑉𝐵𝑒𝑎𝑚𝑏𝑑  (4.22) 
Kim et al. (1999) made a comparison between the theoretical results and experimental 
results for 551 test beams as shown in Figure 4.13, which illustrates the correlation 
between the theoretical and experimental values. The data points show the sum of 
beam action and arch action terms divided by area as in Equation (4.22) which equals 
to shear strength of the beam. 
 
Figure 4.13 Comparison between the theoretical and experimental values of shear strength, 
from Kim et al.(1999) 
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4.5 PROPOSED MODEL FOR SHEAR STRENGTH OF AN 
EXTERNALLY PLATED RC BEAM WITH OUT WEB 
REINFORCEMENT 
In order to analyse the shear cracking in a plated beam, Kim and White (1990) 
approach has been used to investigate the critical shear crack location in a plated 
beam. For a plated beam, prior to flexural cracking, assumption of full bond between 
the plate and concrete could be rational, hence assuming the plated section as a 
composite section, Equation (4.9) has been used in order to determine the location of 
the critical crack. For the composite section, a total reinforcement ratio has been 
assumed, which equals to the sum of the reinforcement ratios of internal steel bars and 
external plate. However for FRP plated beams, the transformed section has been 
considered in order to have materials with the same young’s modulus E values, while 
for steel plated beams the E values are nearly the same for the external steel plate and 
steel bars. According to Figure 4.14, area nAp for the transformed section of an 
externally FRP plated beam is introduced, with n being equal to ratio of plate modulus 
of elasticity to steel modulus of elasticity, Ep/Es.  
nAp
 
Figure 4.14 Transformed section for FRP plated beam 
Considering an average effective depth, the location of the shear critical crack could 
be obtained by re-writing Equation (4.9) with transformed section properties as shown 
in Equation (4.23): 
 𝑎𝑐 = 3.3 �𝜌𝑡𝑜𝑡�𝑑𝑎𝑣𝑔 𝑎⁄ �2(1 −�𝜌𝑡𝑜𝑡)2 �1/3 𝑎 (4.23) 
with ρtot being equal to: 
 𝜌𝑡𝑜𝑡 = 𝜌𝑠 + 𝜌𝑝                                Steel plates (4.24) 
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𝜌𝑡𝑜𝑡 = 𝜌𝑠 + 𝑛𝜌𝑝, 𝑛 = 𝐸𝑝𝐸𝑠                  FRP plates 
and davg equal to the average effective depth of external plate and steel bars as shown 
in Equation (4.25): 
 𝑑𝑎𝑣𝑔 = 𝑑𝑠 + 𝑑𝑝2  (4.25) 
Having the critical shear crack location, the shear capacity of the beam could be 
obtained following Kim et al.(1999) approach as described in section 4.4.2 where 
addition of the plate and modified beam action and arch action is taken into 
consideration. 
According to Figure 4.15 , the stress paths initiating from the location of the critical 
crack towards the support are divided in to three routes: path I, II and III. It should be 
mentioned that ac should lie between ap and the shear span, a. If Equation (4.23) gives 
values out of this range, we replace ac with either ap or a: 
𝑎𝑝 ≤ 𝑎𝑐 ≤ 𝑎 
Beam action is composed of bond transfer between the bars and concrete through path 
I from the support to the plate end and also carried by both plate and the bars 
throughout paths II and III. Therefore three different paths could be considered in 
analysing the beam action. While the arch action can be classified into two 
components composed of arch action in the presences of plate and bars together 
(paths II and III) and the arch action in the presence of the bars which is path I. 
Therefore in a similar analogy to Figure 4.12 (a) and (b), the arch action and beam 
action are shown in Figure 4.16. 
 III
 III
Critical Crack
V
ac
Lp
a 
ap
 
Figure 4.15 Critical shear crack in plated beam and shear stress path 
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Figure 4.16 Beam action and arch action for the plated beam 
In order to elaborate beam and arch action, the superposition rule has been used and 
the beam is divided into two parts of (a) Control beam with internal reinforcement and 
(b) Beam without the internal reinforcement but with the external plate, as shown in 
Figure 4.17 
(b)(a)
 
Figure 4.17 Beams (a) and (b) for analysis of the shear strength 
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4.5.1 BEAM ACTION 
For each beam (a) and (b) in Figure 4.17, the beam action is calculated according to 
Equation (4.20), therefore for the un-plated beam the beam action could be obtained 
from Equation (4.26): 
 𝑉𝐵𝑒𝑎𝑚,𝑎 = 0.2�1 −�𝜌𝑠��𝑓′𝑐 �𝑑𝑎�𝑟𝑎 𝑏𝑑 (4.26) 
Where ρs is the control beam steel ratio, d is the effective depth from concrete top 
surface to the centre of steel bars and ra is calculated based on Equation (4.19): 
 𝑟𝑎 = �𝑑𝑎�0.6 (𝜌𝑠)−0.1 ≤ 1 (4.27) 
It was decided to study the different paths and contribution of external plate and 
internal bars in transferring the shear stress. The whole length of the steel bars is 
contributing in carrying the bond from the shear crack to the support, i.e., paths I and 
II. However the length of the plate which carries the bond should have a correction 
factor in terms of length, so that the only part located in path III is considered in the 
beam action. For this purpose the length factor α is introduced, which considers the 
length of the plate located between the plate end and the critical crack (path III): 
 𝛼 = 𝑎𝑐 − 𝑎𝑝𝑎𝑐  (4.28) 
in which ac is determined from Equation (4.23) and ap is the distance between the 
plate end and the support. Hence the beam action for beam b is written as: 
 𝑉𝐵𝑒𝑎𝑚,𝑏 = 0.2�1 −�𝜌𝑝��𝑓′𝑐 �𝑑𝑝𝑎 �𝑟𝑏 𝑏𝑑𝑝 (4.29) 
in which: 
 𝜌𝑝 = 𝐴𝑝𝑏𝑑 (4.30) 
and: 
 𝑟𝑏 = �𝑑𝑝𝑎 �0.6 (𝜌𝑝)−0.1 ≤ 1 (4.31) 
dp is the effective depth from the top compressive surface of the concrete section to 
the centre of the external plate. Having the beam action for both beams (a) and (b), 
the final beam action is the sum of the two terms considering the length factor α: 
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 𝑉𝐵𝑒𝑎𝑚 =  𝑉𝐵𝑒𝑎𝑚,𝑎 +  𝛼𝑉𝐵𝑒𝑎𝑚,𝑏 (4.32) 
4.5.2 ARCH ACTION 
Arch action is transfer of the shear through the arch shape trajectory which is 
composed of two parts, according to Figure 4.16(b), part of the arch is located in the 
plated section, path II, and part of it is located in the un-plated section, path I.  
For the un-plated section located from the support to plate end, path I, steel ratio of 
the control beam ρs is used, besides the length factor β  which takes into account the 
length of this path. Therefore: 
 𝛽 = 𝑎𝑝𝑎𝑐  (4.33) 
Arch action in path I according to Equation (4.21) will be: 
 𝑉𝐴𝑟𝑐ℎ,𝑎 = 204�1 −�𝜌𝑠� �𝑑𝑎�𝑟𝑎+0.6 𝜌𝑠0.9 𝑏𝑑 (4.34) 
where: 
 𝜌𝑠 = 𝐴𝑠𝑏𝑑 (4.35) 
ra is calculated for the un-plated section as in Equation (4.27).  
Considering the arch in the plated area, the total reinforcement ratio has been used in 
order to take the plate into account, besides the length factor α to consider the length 
of the plated section, therefore: 
 𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 = 204�1 −�𝜌𝑡𝑜𝑡��𝑑𝑎𝑣𝑔𝑎 �𝑟𝑡𝑜𝑡+0.6 𝜌𝑡𝑜𝑡0.9 𝑏𝑑𝑎𝑣𝑔 (4.36) 
in which ρtot is calculated according to Equation (4.24) and rtot is defined as in 
Equation(4.37): 
 𝑟𝑡𝑜𝑡 = �𝑑𝑎𝑣𝑔𝑎 �0.6 (𝜌𝑡𝑜𝑡)−0.1 ≤ 1 (4.37) 
The total arch action will be the summation of the two terms including the length 
factor α and β: 
 𝑉𝐴𝑟𝑐ℎ = 𝛽𝑉𝐴𝑟𝑐ℎ,𝑎 + 𝛼𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 (4.38) 
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4.5.3 VERIFICATION OF THE PROPOSED DEBONDING MODEL 
The final shear strength of the plated beam will be the summation of beam action 
from  Equation (4.32) and the arch action from Equation (4.38) as shown as below: 
 𝑉𝑑𝑒𝑏𝑜𝑛𝑑 = �𝑉𝐵𝑒𝑎𝑚,𝑎 + 𝛼𝑉𝐵𝑒𝑎𝑚,𝑏� + �𝛽𝑉𝐴𝑟𝑐ℎ,𝑎 + 𝛼𝑉𝐴𝑟𝑐ℎ,𝐼𝐼� (4.39) 
Heathcote (2004) tested steel plated beams with effective end anchorages (steel bolts) 
in order to avoid the plate end peeling failure and by avoiding the peeling failure, the 
beams failed in the shear debonding mode of failure which is the type of shear failure 
under study in this section. Therefore it was decided that for verification of the 
proposed model, Heathcote’s (2004) 28 tested steel plated beams be chosen to 
examine the proposed model on them. The beam specifications are shown in Table 
E.1 of Appendix E. In case of FRP pates, 37 FRP plated beams were collected from 
the literature which all have been reported to be failed due to debonding failure, the 
beam specifications are shown in Table E.3 of Appendix E. For all plated beams, the 
debonding load according to the proposed model from Equation (4.39) has been 
calculated and compared with the reported experimental debonding loads. The 
corresponding shear debonding analysis and its results for these 28 steel plated beams 
are shown in Appendix E, Table E.2 and Table E.4 for 37 FRP plated beams. In order 
to have a better illustration of the results, the ratio of experimental to theoretical 
values, Vexp/Vdebond, for both steel and FRP plated beams are shown in the 
corresponding tables and depicted in Figure 4.18 and Figure 4.19 respectively. The 
abscissa shows the specimen numbers while the ordinate shows the experimental to 
theoretical values. Ratios closer to 1 show better prediction of the proposed model. 
The agreed safety range which is ratios between 0.8 and 2 is shown in the plots with 
red lines (As explained in section 3.4). 
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Figure 4.18 Ratios of experimental to theoretical values of debonding load for 28 steel plated 
beams  
 
Figure 4.19  Ratios of experimental to theoretical values of debonding load for FRP  
As the plots show, ratios of experimental to theoretical values for both steel and FRP 
plated beams lie in the agreed satisfactory range which is between 0.8 and 2.  
However, for steel plated beams the average of experimental to theoretical values is 
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1.02 which represents a good prediction of the theory with experiments. On the other 
hand, for FRP plated beams, the average is 1.25 which is still a good prediction for 
the proposed model but weaker prediction than steel plated beams. Considering 
standard deviation, steel plated beams have less deviation from average than FRP 
plated beams. The slightly higher average value and standard deviation  for FRP 
plated beams in comparison with steel plated beams could be due to the composite 
section transformation which was necessary to develop the model (According to 
Figure 4.14). For verification of the proposed model, the correlation between the 
experimental and theoretical values is depicted in Figure 4.20 and Figure 4.21for steel 
and FRP plated beams respectively comparing the results with the 45 degree line. The 
best fitted line for each set of data with the line’s equation is shown in Figure 4.20 and 
Figure 4.21 which is done by a regression analysis. As it is seen, the best linear fitted 
lines have correlation factor R=0.8158 for steel plated beams and R=0.9892 for FRP 
plated beams which shows that for FRP plated beams, the linear line of y=0.811 x is 
closer to data points than y=0.9952 x for steel plated beams. Both linear relationships 
however seem to have an acceptable correlation factor, therefore they are considered 
as best fitted lines for data points. It is therefore necessary to check the deviation of 
these lines from 45 degree line (y=x). The 45 degree line is shown with dashed line in 
Figure 4.20 and Figure 4.21. This is an ideal line for a model because it shows that all 
experimental and theoretical values are equal. In case of steel plated beams, the 
inclination of y=0.9952 x line is 44.86 degrees and y=x line have inclination of 45 
degree, therefore the deviation of steel plated beams linear regression form 45 degree 
line is 0.137 degrees which is very small. Therefore it shows that the proposed model 
have good predictions for steel plated beams. In case of FRP plated beams, the 
inclination of y=0.811x is 39.04 degrees, therefore the deviation for 45 degree line is  
5.95 degrees, which still is a small angle. If we consider the agreed safety limit which 
is ratios of experimental to theoretical values between 0.8 and 2, therefore the 
accepted inclination for linear relationships will be 38.65 degree and 63.43 degrees 
which are shown with red lines in Figure 4.20 and Figure 4.21 Both steel and FRP 
linear lines lie between these two limits. 
Having a closer look at Figure 4.18, two beams P22 and P24 shown with yellow 
boxes have experimental to theoretical values of 0.74 and 0.84, which are very close 
to the margins of safety.  Studying the beam specifications and considering the critical 
role of a/d in shear strength of beams, according to Table 4.1, beam P22 has a/d ratio 
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equal to 2.48 and beam P24 has a/d ratio equal to 2.51, while all other steel plated 
beams have a/d ratios greater than 3. As it was stated in section 4.2, un-plated beams 
with a/d less than 3 in most cases are considered as deep beams and shear strength has 
a different equation than the normal slender beams, hence it could be concluded that 
similarly for plated beams with a/d less than 3, the proposed model will not have good 
predictions of the debonding load and this could be presented as a lower limitation of 
the theory. Interestingly this limit is in compatibility with the a/d limit for un-plated 
beams. 
For FRP plated beams, the same study has been done and a/d ratios has been shown in 
Table 4.2. In comparison with steel plated beams, a/d ratio for FRP plated beams 
varies between 3.53 and 7.44 while for steel plated beams almost all beams had the 
same a/d ratio between 3 and 4. 
Table 4.1 Shear span to depth ratios for steel plated beams 
Original 
Beam 
No. 
New 
Beam 
No. 
Vexp/Vdebond a/d 
  
Original 
Beam 
No. 
New 
Beam 
No. 
Vexp/Vdebond a/d 
PB4 1 1.08 3.24 PB720 15 1.09 3.24 
PB410 2 1.06 3.24 PB8 16 1.09 3.37 
PB420 3 1.04 3.24 PB810 17 1.13 3.37 
PB5 4 0.98 3.37 PB820 18 1.01 3.37 
P510 5 1.06 3.37 PB9 19 0.96 3.59 
PB510A 6 1.11 3.37 PB910 20 1.05 3.59 
PB520 7 1.06 3.37 PB920 21 0.96 3.59 
PB520A 8 1.05 3.37 P16 22 1.06 3.24 
PB6 9 0.99 3.59 P17 23 0.99 3.37 
PB610 10 1.00 3.59 P18 24 0.99 3.59 
PB620 11 0.95 3.59 P22 25 0.74 2.48 
PB620A 12 0.98 3.59 P23 26 1.16 3.97 
PB7 13 1.05 3.24 P24 27 0.84 2.51 
PB710 14 1.11 3.24 PB110 28 1.02 3.24 
 
Considering the controlling effect of a/d ratio in shear capacity and debonding load of 
the plated beam, it could be stated that the greater scatter of results for FRP plated 
beam is due to variation of a/d for these beams comparing to steel plated beams. Also 
for beam 1U-4.5 which has the experimental to theoretical ratio of 0.83 as shown in 
Figure 4.19, a/d ratio is equal to 7.44, which again interestingly it is the same limit for 
slenderness of an un-plated beam. Therefore a/d greater than 7.0 could be a potential 
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upper limit of the proposed model as well.  Another point worth mentioning is the 
differences between bond distribution for steel and FRP plates. As mentioned in 
section 4.3.1.1and Figure 4.5, Kim and White (1999) model is based on the bond 
stress distribution between the steel bars and concrete. The modified proposed model, 
hence is possible to work for steel plated beams better than FRP plated beams, due to 
similarity of materials. As the bond stress distribution between FRP layer and 
concrete material could be different from the one assumed in Figure 4.5.  
Table 4.2 a/d ratios for FRP plated beams 
Original 
Beam 
No. 
New 
Beam 
No. 
Vexp/Vdebond a/d 
  
Original 
Beam 
No. 
New 
Beam 
No. 
Vexp/Vdebond a/d 
CP 1 0.87 3.54 
3U-1.0 2 1.20 4.05 B6 20 1.26 6.25 
4U-1.0 3 1.29 4.76 B7 21 1.17 6.25 
5U-1.0 4 1.29 4.76 B8 22 1.22 6.25 
1U-4.5 5 0.83 7.44 D 23 1.19 4.96 
4 6 1.72 4.13 B5* 24 1.61 3.53 
5 7 1.78 4.13 B9* 25 1.57 3.53 
6 8 1.53 4.13 2Au 26 1.25 4.05 
7 9 1.40 4.13 3Au 27 1.34 4.76 
8 10 1.66 4.13 3Bu 28 1.18 4.76 
a4 11 1.19 6.25 3Cu 29 1.05 4.76 
A5 12 1.22 6.25 B2# 30 1.15 3.61 
A6 13 1.09 6.25 B3# 31 1.07 3.61 
A7 14 1.28 6.25 SM3 32 0.91 4.04 
A8 15 1.24 6.25 SM4 33 1.29 4.04 
A9 16 1.22 6.25 ST2 34 1.05 4.04 
B3 17 1.12 6.25 ST4 35 1.11 4.04 
B4 18 1.06 6.25 MM3 36 1.03 3.63 
B5 19 1.27 6.25 A1b 37 1.47 3.53 
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Figure 4.20 Correlation between the experimental and theoretical debonding loads for steel 
plated beams, the blue line shows the linear regression line for the data, and the dashed line 
shows the 45 degree line. R2 is stated for the linear regression (blue line) 
 
Figure 4.21 Correlation between the experimental and theoretical values of debonding for 
FRP plated beams, the orange line shows the linear regression for the data and the dashed line 
shows the 45 degree line. Two red lines show margins of safety. 
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Figure 4.22  Correlation between the experimental and theoretical values of debonding load 
for the steel and FRP database, the green line shows the linear regression line for the data and 
the dashed line shows the 45 degree line. Two red lines show the margins of safety. 
At the end, the correlation between the experimental and theoretical debonding load 
for both steel and FRP plated beams totally (65 beams), is shown in Figure 4.22. The 
linear regression has a correlation factor of R=0.9757 showing the closeness of data 
point to the linear line y=0.948 x. The inclination of this line with respect to x axis is 
43.47 degrees which differs only 1.59 degrees with 45 degree line. Therefore the 
proposed model for both steel and FRP plated beams seems to have good predictions 
in comparison with experimental values.  
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As stated above, effect of a/d ratio in the proposed model is very important and could 
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whole shear span is not as effective as it is for an un-plated beam.  One suggestion 
could be considering the plated length of the shear span as the modified shear span, 
a1, a1= Lp. On the other hand, the effective depth for plated section could be different, 
the modified effective depth could be equal to the average effective depth, davg, or the 
effective depth of the plate solely, D. Therefore the modified effective depths might 
be influential instead of the normal effective depth of an un-plated beam, d. In terms 
of analogy of distribution of bond in steel bars and external plate, experimental work 
could be done in order to verify the bond pattern and investigate if it follows the same 
pattern as shown in Figure 4.5 or a different pattern. 
4.7 WORKED EXAMPLES 
As a guide to show the analysis steps for calculating the debonding capacity, manual 
calculations of proposed debonding method have been demonstrated for randomly 
selected steel plated beam PB4 and FRP plated beam 3U-1.0 which are shown with 
blue boxes in Figure 4.18 and Figure 4.19. These calculations are shown in details in 
Appendix F. 
4.8  SUMMARY AND CONCLUSIONS 
In this chapter initially the summary of shear failure mechanism in un-plated RC 
beams based on Kim and White (1999) approach has been reviewed. This was 
necessary in order to clarify the terms and concepts used further for description of 
shear failure in plated beams. The shear debonding failure of plated RC beams occurs 
in the interface between the plate and concrete surface accompanied by shear diagonal 
cracking of the beam, as observed by Jansze et al .(1996), Philipe et al. (1991), 
Garden et al. (1997), Spadea et al. (1998), Pornpongsaroj and Pimnas (2003) , Pham 
and Al-Mahaidi (2004) and Heathcote (2004) experiments. In these experiments, 
plated beams with end anchorages were tested. This was in order to avoid the peeling 
failure, and surprisingly avoiding the peeling failure, the shear debonding failure was 
observed in the experiments. Due to the brittle nature of shear failure, it is crucial to 
study this kind of failure in the plated beams. 
The currently proposed model follows Kim and White (1999) theory based on the 
initiation of the first critical shear crack in the shear span and further propagation of 
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the crack and appearance of the shear critical zone near the intersection of the crack 
and longitudinal tensile steel bars. Kim and White (1999) theory predicts the location 
of shear critical crack. In a similar approach the critical shear crack location has been 
predicted for a plated beam in this chapter. The proposed model then follows the 
concept of beam action and arch action in shear capacity of the beam in order to 
predict the shear debonding load of a plated beam. A novel model has been proposed 
for prediction of debonding, 
Each of the plated beam components such as the external plate, tensile reinforcements 
and concrete itself plays a role in the proposed theory. Length factors are introduced 
in order to include the effects of plated and un-plated lengths of the beam in total 
shear debonding capacity. 
In order to verify of the proposed theory, two databases have been studied for steel 
and FRP plated beams. The steel plated beams database includes 28 beams tested by 
Heathcote (2004) with end anchorages. The results of the experimental and theoretical 
values are compared and depicted in the related graphs. FRP plated beams database 
includes 37 plated beams collected from the literature which have been failed due to 
debonding. Similar to steel plated beams, comparison between the theoretical and 
experimental values has been done. The results in both cases showed a good 
prediction of the model for shear debonding of the plated beams. i.e., the ratios of 
experimental to theoretical values were close to one, with average value of 1.25 for 
FRP plated beams and 1.02 for steel plated beams.  As an important investigation, it 
was observed that a/d ratio is influential in debonding of the plate. 
It is noteworthy to mention the occurrence of shear debonding failure while avoiding 
the premature peeling failure. Thus this type of failure should be taken into 
consideration even there are sufficient end anchorages in plated beams to overcome 
the peeling failure. The proposed theory has a very simple algorithm to follow, free of 
complicated numerical procedures. At the end, worked examples have been shown for 
both cases of FRP and steel plated beams. 
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Chapter 5 
 
5 SUMMARY AND CONCLUSIONS 
As stated in Section 1.4, the determined aim for this project was to propose a simple 
criteria for design against occurrence of premature (peeling or interface debonding) 
failures for both steel and/or FRP plated RC beams. Premature failure is categorised 
into two groups in this project, peeling failure being the first one and interface 
debonding failure being the second one. A literature review was done on both 
experimental and analytical works related to externally plated beams. The 
experimental works majorly focused on effects of various parameters on the strength 
and failure of plated beams. Parameters such as plate thickness, tensile strength, end 
anchorages and plate width were observed to be influential in behaviour of plated 
beams. Analytical works were summarized into theoretical works done on peeling 
failure which are either based on shear strength or analysis of the interfacial stresses. 
Other category of analytical works analyse the interface debonding failure by 
assuming a specific shear stress distribution between the plate and concrete interface. 
In the current thesis two main criteria for peeling and interface debonding have been 
studied. Where for peeling failure a currently existing theoretical model (Tooth 
Model) is verified and for interface debonding failure, a theoretical model has been 
proposed. Verification of the models has been done using an extensive collected 
database including 203 steel and 484 FRP plated beams. Having the criteria for 
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prediction of the two general types of premature failures (peeling and interface 
debonding) described in chapters 3 and 4, a final criterion including both failure types 
could be proposed. 
5.1 CRITICAL LOAD CRITRION FOR PREMATURE 
FAILURE 
 In order to assess the premature failure of an externally pated beam under four point 
loading, having the two separate criteria for peeling and debonding failures, it was 
decided to consider the minimum of the two failure loads as the final premature 
failure load of a plated beam. The minimum of the two loads is denoted by critical 
load (moment), Mcritical.  Peeling moment of the plated beam is calculated based on 
Equation (2.107) or (2.108) and the debonding load is obtained according to Equation 
(4.39). Therefore the final critical premature failure moment of a plated beam can be 
calculated from Equation (5.1): 
 𝑀𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 (𝑀𝑝𝑒𝑒𝑙 ,𝑀𝑑𝑒𝑏𝑜𝑛𝑑) (5.1) 
In which Mdebond is equal to the debonding moment correspondent to the debonding 
shear force calculated from Equation (4.39) which is equal to debonding shear force 
multiplied by the shear span of the beam. 
5.2 ASSESSMENT OF THE CRITICAL LOAD CRITERION 
In order to verify the proposed criterion, the database collected in Table A.1 and B.1 
for FRP and steel plated beams have been considered. For all the beams, the minimum 
of peeling and debonding load has been assigned to the critical premature failure load 
and afterwards it has been compared to the experimental failure values. It is 
noteworthy to mention that this criterion covers all the two general types of peeling 
and debonding failure, in some cases the debonding failure is dominant and in some 
cases the peeling failure. The numerical values for the debonding loads are presented 
in Table E.5 and E.6 for steel and FRP plated beams respectively, while the peeling 
moments are displayed in Table C.1 and Table D.1 for FRP and steel plated beams 
respectively. At the end the minimum of these two loads is considered as the critical 
failure load. For both databases the plots of experimental to critical load ratios has 
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been demonstrated in order to compare the experimental and theoretical values. In 
case of FRP plated beams as shown in Figure 5.1, the average values of experimental 
to theoretical values (Mexp/Mcritial) is 1.59 with standard deviation of 0.66. In 
theoretical point of view, the closer the ratios of experiments to theory, the more 
accurate the predictions of the model will be. Therefore, among 484 specimens, 39 of 
them had a value less than 1, which is 8.06% of total data. However in practice, 
regarding use of factors of safety, Only 2 of 484 ratios is below 0.8 (0.41%) and 76 
out of 484 is above 2 (15.7%) as shown in cumulative distribution curve in Figure 5.2. 
 
Figure 5.1 Ratios of experimental to critical moments for FRP plated beams database 
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Figure 5.2 Cumulative distribution plot for ratios of experimental t critical values, FRP 
plated beams 
Considering steel plated beams, the average values of experimental to theoretical 
values (Mexp/Mcritial) is 1.75 with standard deviation of 0.83. Among 203 specimens, 
15 of them had a value less than 1, which is equal to 7.4% of total data. In practical 
view, Only 2 of 203 ratios are below 0.8 (0.99%) and 60 out of 484 are above 2 
(29.6%) as plotted in cumulative distribution diagram in Figure 5.4. 
 
Figure 5.3 Ratios of experimental to critical moments for Steel plated beams database 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0
5
10
15
20
25
30
35
40
45
50
55
0.
1
0.
3
0.
5
0.
7
0.
9
1.
1
1.
3
1.
5
1.
7
1.
9
2.
1
2.
3
2.
5
2.
7
2.
9
3.
1
3.
3
3.
5
3.
7
3.
9
4.
1
4.
3
4.
5
4.
7
4.
9
5.
1
Fr
eq
ue
nc
y 
Mexp/Mcritical 
Frequency
Cumulative %
0
1
2
3
4
5
6
7
8
9
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
M
ex
p /
M
cr
iti
ca
l 
Specimen Number 
AVG=1.75 
STDEV=0.8
FRP Plated Beams 
Steel Plated Beams 
8.1% <1 
0.41% <0.8 
15.7% >2 
 5. SUMMARY AND CONCLUSIONS 
152 
 
 
Figure 5.4 Cumulative distribution diagram for experimental to critical values, steel plated 
beams 
Finally in order to provide an ample support for the proposed criterion, the ratios of 
experimental to theoretical values are shown for the whole steel and FRP database to 
investigate the ratios for 687 samples which provide a large data population. As it is 
seen in Figure 5.5 the average values of experimental to critical moments is 1.63, 
which is above 1, hence it shows that the model doesn’t underestimate the failure load 
and at the same time it is reasonably close to the experimental values. According to 
Figure 5.6, 7.86% of the ratios lie below 1 while 0.58% of data lie below 0.8, hence 
7.3% of ratios are between 0.8 and 1. On the other hand, 19.8% of the ratios are above 
2, which show the overestimating aspects of the proposed criterion.  
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Figure 5.5 Ratios of experimental to critical moments for all steel and FRP plated beams  
 
Figure 5.6 Cumulative distribution for experimental to critical values, all FRP and steel plated 
beams 
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5.3 REMARKABLE NOTES AND ACHEIVEMENTS IN THE 
PROJECT 
• A literature review has been done on both experimental and theoretical works 
about behaviour of externally FRP or steel plated beams under four point 
loading. Experimental studies investigate the effects of different parameters 
such as plate geometry and strength, plate length, end anchorages and concrete 
strength on behaviour and ultimate load of the strengthened beam. While 
Analytical models explain theories on peeling and debonding. Peeling models 
describe the failure process considering shear strength or analysis of interfacial 
stresses at plate’s end, while debonding models mostly analyse the shear stress 
distribution along the plate length. 
• It was noticed that the majority of experimental works have been done on 
limited number of beams. Also there were various categories found on 
classification of premature failure types which were sometimes confusing and 
vague for the interested reader.  
• In order to avoid misunderstanding and confusion, premature failure was 
classified into two categories in this thesis: peeling and debonding failure.  
• Considering the clear and simple procedure of the Tooth model, (Raoof and 
Zhang (1997)), it was decided to choose this model in order to assess the 
peeling failure. 
• A comprehensive database including 484 FRP plated beams and 203 steel 
plated beams was collected in order to examine the Tooth model predictions. 
This database could be used for any future research about externally steel or 
FRP plated RC beams. 
• Two simplified methods for calculation of the neutral axis and final capacity 
of the section exist according to the Tooth model: Hassanen and Raoof  (2002) 
and Heathcote and Raoof (2003) denoted by Method I and Method II 
respectively. The two methods differ in inclusion of the tensile concrete in the 
capacity of the section. Two methods have been analysed and compared based 
on the collected database and the limitations have been described. There was 
no significant difference between the values of neutral axis for the two 
methods except that For FRP plated beams, cases where εp/εct was less than 20 
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showed less similarity between two methods. For steel plated beams, cases 
where εp/εct was less than 6, the two methods had less than 80% similarity. 
Peeling moments based on the two methods was calculated for both FRP and 
steel database and comparison of results was done. For FRP plated beams it 
was observed that if εpeel/εct<40, two methods result in values with less 
similarity. For steel plated beams a definite value couldn’t be found and 
comparison of theoretical and experimental values showed that method II has 
a better correlation with experimental values than method I. 
• Following the comparative study between the two methods, it was decided to 
use method II for calculation of the peeling failure. All peeling failure 
moments were calculated for the collected database and results were compared 
with reported experimental values. For 484 FRP plated beams, the average 
ratio of experimental to theoretical values was 1.41, while 27.5% of the data 
had ratios above 2 or less than 0.8. For the case of steel plated beams, the 
average ratio of experimental to theoretical values was 1.74, while 54.7% of 
ratios were either below 0.8 or above 2. 
• Considering the limitation of the Tooth model for application to four point 
loading cases, study has been done on extension of the model for case of 
uniform loading. A modified effective length was defined and the results of 
the extended theory were compared with the experimental cases in which the 
tests were done under uniform loading. 13 plated beams under uniform 
loading were found in the literature. The extended Tooth model predicted 
average value of 1.36 for experimental to theoretical failure moments. 
• Considering the predictions of the Tooth model, and observing some 
theoretical results less than 80% of the experiments, it was decided to study 
the interface debonding failure in order to complete the premature failure 
model. 
• In order to study the interface debonding failure, a brief summary of shear 
model of Kim and White (1991) was described in order to extend it for the 
cases of plated beams. 
• The shear debonding model predicts the location of the shear critical crack for 
a plated beam followed by prediction of the debonding load. 
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• Verification of the proposed debonding model has been done on two 
databases. The steel plated beams database includes 28 beams tested by 
Heathcote (2004) with end anchorages in order to avoid peeling failure. FRP 
plated beams database includes 37 plated beams collected from the literature 
which have been failed in the shear debonding failure. The ratios of 
experimental to theoretical values were close to one, with average value of 
1.25 for FRP plated beams and 1.02 for steel plated beams. 
• The final criteria for prediction of premature failure load considers the 
minimum value of peeling load obtained from the Tooth model and debonding 
load obtained based on the proposed debonding model. Its verification has 
been done using the collected database and the average value of experimental 
to theoretical failure values is 1.63. 
• In the collected database it was observed that there existed beams in which the 
final strength was less than the control beam strength (0.5% of the total 
specimens), therefore this is a crucial matter to take into consideration in 
rehabilitation of beams with external plates. In other words, premature failure 
in some cases can make the beam fail in loads lower than the capacity of the 
corresponding un-plated beam. 
• For the beams which the capacity of the un-plated beam were reported, the 
average increase in ultimate capacity of the beam due to external plating was 
67% in comparison with the control beam. However it should be mentioned 
that by preventing the beams from premature failure, the plate could reach to 
higher values of strain, i.e., better mobilised up to its full capacity, leading to 
higher failure load for the plated beam.  
• According to the Tooth model, peeling stress in many cases is much lower 
than the plate yield or rupture stress, which shows that the plate material is not 
mobilised fully to its ultimate capacity. Observing the database, steel and FRP 
plates were mobilised up to only 30% of their final strength. Again confirming 
the influential effect of premature failure on avoiding the plates reaching their 
maximum expected strength and consequently degrading the strengthening 
scheme. 
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5.4 POTENTIAL FUTURE WORK 
• A parametric study of both Tooth model and proposed debonding model 
could be done in order to highlight the influential factors in both models. 
Effects of parameters such as plate geometry and strength, shear span to 
depth ratio and plate length seems crucial. 
• Experimental work is suggested for the case of uniform loading in order 
to have an extensive database for further verification of the model. 
• Calibration of both peeling and debonding models according to 
international codes such as ACI- 318 or BS8110 or EuroCode will be 
useful in practical applications. 
•  Upgrading beams with external plates allow them carry higher loads than 
the initial design, it should be noticed that the deflection of the beams 
after upgrading should be taken into consideration. Therefore modelling 
plated beams with a finite element package in order to calculate the 
deflection of the strengthened beam is necessary. 
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A2 1 18 100 180 2 8 46 2 10 25 33.6 3.2E+04 452 2.0E+05 100.0 0.2 580.0 3450 2.3E+05 1 880 
A3 2 18 100 180 2 8 46 2 10 25 33.6 3.2E+04 452 2.0E+05 100.0 0.3 580.0 3450 2.3E+05 1 880 
A5 3 18 100 180 2 8 46 2 10 25 33.6 3.2E+04 452 2.0E+05 100.0 0.2 580.0 3450 2.3E+05 1 880 
A7 4 18 100 180 2 8 46 2 10 25 33.6 3.2E+04 452 2.0E+05 100.0 0.2 580.0 3450 2.3E+05 1 880 
A8 5 18 100 180 2 8 46 2 8 26 33.6 3.2E+04 537 2.0E+05 100.0 0.2 580.0 3450 2.3E+05 1 880 
B2 6 18 100 180 2 8 46 2 12 24 33.6 3.2E+04 441 2.0E+05 100.0 0.2 380.0 3450 2.3E+05 1 780 
B3 7 18 100 180 2 8 46 2 12 24 33.6 3.2E+04 441 2.0E+05 100.0 0.3 380.0 3450 2.3E+05 1 780 
B5 8 18 100 180 2 8 46 2 12 24 33.6 3.2E+04 441 2.0E+05 100.0 0.2 380.0 3450 2.3E+05 1 780 
B7 9 18 100 180 2 8 46 2 12 24 33.6 3.2E+04 441 2.0E+05 100.0 0.2 380.0 3450 2.3E+05 1 780 
B11 10 36 300 800 4 19 25.5 8 19 60 47.0 3.8E+04 520 2.0E+05 300.0 0.9 1600.0 4200 2.4E+05 7 2400 
B12 11 36 300 800 4 19 25.5 8 19 60 47.0 3.8E+04 520 2.0E+05 300.0 0.9 1600.0 4200 2.4E+05 7 2400 
B21 12 36 150 400 2 12 24 3 16 27 47.0 3.8E+04 520 2.0E+05 150.0 0.4 800.0 4200 2.4E+05 3 1200 
B22 13 36 150 400 2 12 24 3 16 27 47.0 3.8E+04 520 2.0E+05 150.0 0.4 800.0 4200 2.4E+05 3 1200 
B31 14 36 75 200 2 8 26 2 10 25 47.0 3.8E+04 520 2.0E+05 75.0 0.2 400.0 4200 2.4E+05 1 600 
B32 15 36 75 200 2 8 26 2 10 25 47.0 3.8E+04 520 2.0E+05 75.0 0.2 400.0 4200 2.4E+05 1 600 
C1-1 16 54 175 280 2 20 20 5 20 28 64.5 4.0E+04 415 2.0E+05 150.0 1.2 650.0 2800 1.7E+05 1 750 
C1-2 17 54 175 280 2 20 20 5 20 28 64.5 4.0E+04 415 2.0E+05 150.0 1.2 650.0 2800 1.7E+05 1 750 
C2-2 18 54 175 280 2 20 20 5 20 28 56.0 3.6E+04 415 2.0E+05 150.0 4.0 650.0 330 4.1E+04 1 750 
G-2 19 54 175 280 2 20 20 5 20 28 52.5 3.6E+04 415 2.0E+05 150.0 1.2 650.0 2400 3.0E+05 1 750 
C3-1 20 54 175 280 2 20 20 5 20 28 72.0 3.4E+04 415 2.0E+05 150.0 12.0 650.0 300 2.8E+04 1 750 
C3-2 21 54 175 280 2 20 20 5 20 28 72.0 3.4E+04 415 2.0E+05 150.0 12.0 650.0 300 2.8E+04 1 750 
B2 22 8 250 150 3 8 20 3 8 20 49.0 3.9E+04 485 2.0E+05 50.0 1.2 667.0 1300.0 3.1E+05 1 667 
B3 23 8 250 150 3 8 20 3 8 20 49.0 3.9E+04 485 2.0E+05 50.0 1.2 667.0 2000.0 2.1E+05 1 667 
B4 24 8 250 150 3 8 20 3 8 20 52.0 4.0E+04 485 2.0E+05 50.0 1.2 667.0 2700.0 1.6E+05 1 667 
B1,2,3s 25 16 200 300 2 14 23 2 14 23 25.0 2.8E+04 400 2.0E+05 50.0 1.2 860.0 2400 1.5E+05 2 960 
B2-12D-1L15 26 22 150 200 2 10 20 2 12 28 31.5 3.1E+04 400 2.0E+05 150.0 0.2 500.0 3800 2.4E+05 1 600 
B3-12D-2L15 27 22 150 200 2 10 20 2 12 28 31.5 3.1E+04 400 2.0E+05 150.0 0.4 500.0 3800 2.4E+05 1 600 
B4-12D-3L15 28 22 150 200 2 10 20 2 12 28 31.5 3.1E+04 400 2.0E+05 150.0 0.5 500.0 3800 2.4E+05 1 600 
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B6-16D-1L10 29 22 150 200 2 10 20 2 16 28 29.8 3.0E+04 406 2.0E+05 100.0 0.2 600.0 3800 2.4E+05 1 600 
B7-16D-1L15 30 22 150 200 2 10 20 2 16 28 29.8 3.0E+04 406 2.0E+05 150.0 0.2 600.0 3800 2.4E+05 1 600 
B8-16D-2L15 31 22 150 200 2 10 20 2 16 28 29.8 3.0E+04 406 2.0E+05 150.0 0.4 600.0 3800 2.4E+05 1 600 
B10-20D-1L10 32 22 150 200 2 10 20 2 20 28 30.1 3.0E+04 350 2.0E+05 100.0 0.2 600.0 3800 2.4E+05 1 600 
B11-20D-1L15 33 22 150 200 2 10 20 2 20 28 30.1 3.0E+04 350 2.0E+05 150.0 0.2 600.0 3800 2.4E+05 1 600 
B12-20D-2L15 34 22 150 200 2 10 20 2 20 28 30.1 3.0E+04 350 2.0E+05 150.0 0.4 600.0 3800 2.4E+05 1 600 
CS-A 35 65 150 253 2 10 31 2 10 31 30.7 3.0E+04 536 2.0E+05 148.0 1.7 450.0 4114 2.6E+05 2 500 
CS-L1-A 36 65 150 253 2 10 33.5 2 10 33.5 36.4 3.3E+04 536 2.0E+05 148.0 1.0 450.0 4114 2.6E+05 2 500 
CS-L3-A 37 65 151 253 2 10 31 2 10 31 32.9 3.2E+04 536 2.0E+05 148.0 2.6 450.0 4114 2.6E+05 2 500 
CS-W50-A 38 65 151 255 2 10 32.5 2 10 32.5 39.5 3.5E+04 536 2.0E+05 50.0 2.0 450.0 4114 2.6E+05 2 500 
CS-W100-A 39 65 151 254 2 10 35.5 2 10 35.5 37.8 3.4E+04 536 2.0E+05 100.0 2.0 450.0 4114 2.6E+05 2 500 
CP-A 40 65 151 253 2 10 30 2 10 30 37.0 3.3E+04 536 2.0E+05 148.0 1.2 450.0 2800 1.7E+05 2 500 
GS-A 41 65 151 252 2 10 34.5 2 10 34.5 38.9 3.4E+04 536 2.0E+05 148.0 1.7 450.0 351 2.3E+04 2 500 
CS-C10-A 42 65 151 253 2 10 12 2 10 12 27.3 2.9E+04 536 2.0E+05 148.0 1.9 450.0 4114 2.6E+05 2 500 
CS-C50-A 43 65 151 253 2 10 51.5 2 10 51.5 38.8 3.4E+04 524 2.0E+05 148.0 1.9 450.0 4114 2.6E+05 2 500 
CS-B 44 65 150 253 2 10 31 2 10 31 30.7 3.0E+04 536 2.0E+05 148.0 1.7 450.0 4114 2.6E+05 2 500 
CS-L1-B 45 65 150 253 2 10 33.5 2 10 33.5 36.4 3.3E+04 536 2.0E+05 148.0 1.0 450.0 4114 2.6E+05 2 500 
CS-L3-B 46 65 151 253 2 10 31 2 10 31 32.9 3.2E+04 536 2.0E+05 148.0 2.6 450.0 4114 2.6E+05 2 500 
CS-W50-B 47 65 151 255 2 10 32.5 2 10 32.5 39.5 3.5E+04 536 2.0E+05 50.0 2.0 450.0 4114 2.6E+05 2 500 
CS-W100-B 48 65 151 254 2 10 35.5 2 10 35.5 37.8 3.4E+04 536 2.0E+05 100.0 2.0 450.0 4114 2.6E+05 2 500 
CP-B 49 65 151 253 2 10 30 2 10 30 37.0 3.3E+04 536 2.0E+05 148.0 1.2 450.0 2800 1.7E+05 2 500 
GS-B 50 65 151 252 2 10 34.5 2 10 34.5 38.9 3.4E+04 536 2.0E+05 148.0 1.7 450.0 351 2.3E+04 2 500 
CS-C10-B 51 65 151 253 2 10 12 2 10 12 27.3 2.9E+04 536 2.0E+05 148.0 1.9 450.0 4114 2.6E+05 2 500 
CS-C50-B 52 65 151 253 2 10 51.5 2 10 51.5 38.8 3.4E+04 524 2.0E+05 148.0 1.9 450.0 4114 2.6E+05 2 500 
CS-NS-B 53 65 151 253 2 10 32 2 10 32 37.1 3.4E+04 524 2.0E+05 148.0 1.7 450.0 4114 2.6E+05 2 500 
A2 54 19 150 100 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 110.0 0.2 600.0 3430 2.3E+05 1 750 
A3 55 19 150 100 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 110.0 0.2 450.0 3430 2.3E+05 1 750 
B2 56 19 150 100 2 10 25 2 10 25 36.3 3.3E+04 550 2.0E+05 110.0 0.2 550.0 3430 2.3E+05 1 750 
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B3 57 19 150 100 2 10 25 2 10 25 36.3 3.3E+04 550 2.0E+05 110.0 0.2 350.0 3430 2.3E+05 1 750 
C3 58 19 100 150 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 80.0 0.2 350.0 3430 2.3E+05 1 750 
C4 59 19 100 150 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 80.0 0.2 250.0 3430 2.3E+05 1 750 
D2 60 19 100 150 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 80.0 0.2 350.0 3430 2.3E+05 1 550 
D3 61 19 100 150 2 8 25 2 8 25 36.3 3.3E+04 590 2.0E+05 80.0 0.2 350.0 3430 2.3E+05 1 550 
A1-I 62 15 100 100 1 9.4 6.3 1 9.4 6.3 52.8 4.0E+04 435 2.0E+05 51.0 0.2 305.0 3790 2.3E+05 1 330 
A1-II 63 15 100 100 2 9.4 6.3 2 9.4 6.3 52.8 4.0E+04 435 2.0E+05 51.0 0.2 305.0 3790 2.3E+05 1 330 
A2-I 64 15 100 100 1 9.4 6.3 1 9.4 6.3 52.8 4.0E+04 435 2.0E+05 51.0 0.3 305.0 3790 2.3E+05 1 330 
A2-II 65 15 100 100 2 9.4 6.3 2 9.4 6.3 52.8 4.0E+04 435 2.0E+05 51.0 0.3 305.0 3790 2.3E+05 1 330 
A3-I 66 15 100 100 1 9.4 6.3 1 9.4 6.3 66.6 4.5E+04 435 2.0E+05 51.0 0.5 305.0 3790 2.3E+05 1 330 
A3-II 67 15 100 100 2 9.4 6.3 2 9.4 6.3 66.6 4.5E+04 435 2.0E+05 51.0 0.5 305.0 3790 2.3E+05 1 330 
A4-I 68 15 100 100 1 9.4 6.3 1 9.4 6.3 66.6 4.5E+04 435 2.0E+05 76.0 0.3 305.0 3790 2.3E+05 1 330 
A4-II 69 15 100 100 2 9.4 6.3 2 9.4 6.3 66.6 4.5E+04 435 2.0E+05 76.0 0.3 305.0 3790 2.3E+05 1 330 
A5-I 70 15 100 100 1 9.4 6.3 1 9.4 6.3 66.6 4.5E+04 435 2.0E+05 102.0 0.2 305.0 3790 2.3E+05 1 330 
A5-II 71 15 100 100 2 9.4 6.3 2 9.4 6.3 66.6 4.5E+04 435 2.0E+05 102.0 0.2 305.0 3790 2.3E+05 1 330 
A6-I 72 15 100 100 1 9.4 6.3 1 9.4 6.3 59.6 4.2E+04 435 2.0E+05 51.0 1.2 305.0 2400 1.6E+05 1 330 
2 73 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 42.6 0.2 382.5 1450 1.9E+05 1 457.5 
3 74 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 60.5 0.2 382.5 1450 1.9E+05 1 457.5 
4 75 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 63.2 0.7 382.5 1450 1.9E+05 1 457.5 
5 76 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 63.2 0.7 382.5 1450 1.9E+05 1 457.5 
6 77 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 63.3 0.9 382.5 1450 1.9E+05 1 457.5 
7 78 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 63.3 0.9 382.5 1450 1.9E+05 1 457.5 
8 79 60 76 127 0 0 0 2 4.6 13.7 55.9 4.1E+04 517 2.0E+05 63.9 1.9 382.5 1450 1.9E+05 1 457.5 
F1 80 58 200 300 2 6 40.5 2 19 40.5 44.8 3.7E+04 371 2.0E+05 200.0 0.2 700.0 3480 2.3E+05 1 700 
F2 81 57 200 300 2 6 40.5 2 19 40.5 50.3 3.9E+04 371 2.0E+05 200.0 0.3 700.0 3480 2.3E+05 1 700 
F3 82 58 200 300 2 6 40.5 2 19 40.5 48.8 3.8E+04 371 2.0E+05 200.0 0.5 700.0 3480 2.3E+05 1 700 
F4 83 58 200 300 2 6 40.5 2 19 40.5 62.9 4.4E+04 371 2.0E+05 200.0 0.2 700.0 3480 2.3E+05 1 700 
F5 84 58 200 300 2 6 40.5 2 19 40.5 62.9 4.4E+04 371 2.0E+05 200.0 0.3 700.0 3480 2.3E+05 1 700 
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F6 85 58 200 300 2 6 40.5 2 19 40.5 61.9 4.3E+04 371 2.0E+05 200.0 0.5 700.0 3480 2.3E+05 1 700 
F7 86 58 200 300 2 6 40.5 2 19 40.5 62.6 4.4E+04 371 2.0E+05 200.0 0.2 700.0 3480 2.3E+05 1 700 
F8 87 58 200 300 2 6 40.5 2 19 40.5 50.5 3.9E+04 371 2.0E+05 200.0 0.3 700.0 3480 2.3E+05 1 700 
F9 88 58 200 300 2 6 40.5 2 19 40.5 57.9 4.2E+04 371 2.0E+05 200.0 0.5 700.0 3480 2.3E+05 1 700 
1A 89 56 154 250 2 10 30 2 10 30 39.4 3.5E+04 506 2.1E+05 150.0 1.8 250.0 3720 2.7E+05 1 500 
1B 90 56 154 250 2 10 30 2 10 30 39.4 3.5E+04 506 2.1E+05 150.0 1.8 475.0 3720 2.7E+05 1 500 
2A 91 56 151 250 2 10 30 2 10 30 60.7 4.3E+04 506 2.1E+05 148.0 1.7 125.0 3720 2.7E+05 1 500 
2B 92 56 151 250 2 10 30 2 10 30 60.7 4.3E+04 506 2.1E+05 148.0 1.7 375.0 3720 2.7E+05 1 500 
3A 93 56 151 250 2 10 30 2 10 30 56.6 4.1E+04 506 2.1E+05 147.0 1.9 325.0 4519 2.6E+05 1 500 
3B 94 56 151 250 2 10 30 2 10 30 56.6 4.1E+04 506 2.1E+05 147.0 1.9 450.0 4519 2.6E+05 1 500 
4A 95 56 152 251 2 10 30 2 10 30 52.9 4.0E+04 506 2.1E+05 147.0 1.7 375.0 4519 2.6E+05 1 500 
4B 96 56 152 251 2 10 30 2 10 30 52.9 4.0E+04 506 2.1E+05 147.0 1.7 375.0 4519 2.6E+05 1 500 
5A 97 56 150 249 2 10 30 2 10 30 45.5 3.7E+04 506 2.1E+05 145.0 1.5 375.0 4519 2.6E+05 1 500 
5B 98 56 150 249 2 10 30 2 10 30 45.5 3.7E+04 506 2.1E+05 145.0 1.5 375.0 4519 2.6E+05 1 500 
6A 99 56 151 250 2 10 30 2 10 30 51.2 3.9E+04 506 2.1E+05 145.0 1.8 50.0 4519 2.6E+05 1 500 
6B 100 56 151 250 2 10 30 2 10 30 51.2 3.9E+04 506 2.1E+05 145.0 1.8 425.0 4519 2.6E+05 1 500 
BBB1 101 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 1 500 
BBB2 102 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 1 500 
BBB3 103 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 1 500 
BBB4 104 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 1 500 
BBB5 105 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 1 500 
BBB6 106 27 150 200 2 8 23 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 1 500 
A3 107 38 115 146 2 10 15 3 10 15 49.8 3.9E+04 547 1.8E+05 107.9 0.2 475.0 3550 2.4E+05 1 500 
A4 108 38 115 146 2 10 15 3 10 15 49.8 3.9E+04 547 1.8E+05 107.9 0.2 475.0 3550 2.4E+05 1 500 
A5 109 38 115 146 2 10 15 3 10 15 49.8 3.9E+04 547 1.8E+05 107.9 0.3 475.0 3550 2.4E+05 1 500 
A6 110 38 115 146 2 10 15 3 10 15 49.8 3.9E+04 547 1.8E+05 107.9 0.3 475.0 3550 2.4E+05 1 500 
B3 111 38 230 292 2 20 30 3 20 30 49.8 3.9E+04 544 1.8E+05 215.7 0.3 950.0 3550 2.4E+05 1 1000 
B4 112 38 230 292 2 20 30 3 20 30 49.8 3.9E+04 544 1.8E+05 215.7 0.3 950.0 3550 2.4E+05 1 1000 
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B5 113 38 230 292 2 20 30 3 20 30 49.8 3.9E+04 544 1.8E+05 215.7 0.7 950.0 3550 2.4E+05 1 1000 
B6 114 38 230 292 2 20 30 3 20 30 49.8 3.9E+04 544 1.8E+05 215.7 0.7 950.0 3550 2.4E+05 1 1000 
C3 115 38 368 467 2 32 51.2 3 32 51.2 51.3 3.9E+04 552 1.8E+05 368.0 0.5 1520.0 3550 2.4E+05 1 1600 
C4 116 38 368 467 2 32 51.2 3 32 51.2 51.3 3.9E+04 552 1.8E+05 368.0 0.5 1520.0 3550 2.4E+05 1 1600 
C5 117 38 368 467 2 32 51.2 3 32 51.2 51.3 3.9E+04 552 1.8E+05 368.0 1.0 1520.0 3550 2.4E+05 1 1600 
FG1 118 4 150 200 1 6 35 3 10 35 46.9 3.8E+04 415 2.0E+05 150.0 1.3 925.0 552 2.8E+04 1 925 
FG2 119 4 150 200 1 6 35 3 10 35 46.9 3.8E+04 415 2.0E+05 150.0 2.6 925.0 552 2.8E+04 1 925 
FG4 120 4 150 200 1 6 35 3 10 35 46.9 3.8E+04 415 2.0E+05 150.0 5.2 925.0 552 2.8E+04 1 925 
FC1 121 4 150 200 1 6 35 3 10 35 46.9 3.8E+04 415 2.0E+05 150.0 1.0 925.0 1034 6.9E+04 1 925 
FC2 122 4 150 200 1 6 35 3 10 35 46.9 3.8E+04 415 2.0E+05 150.0 2.0 925.0 1034 6.9E+04 1 925 
A0 123 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 2 500 
A10 124 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 2 500 
A20 125 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.2 350.0 4200 2.4E+05 2 500 
B0 126 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 2 500 
B10 127 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 2 500 
B20 128 26 150 200 2 8 15 2 10 25 44.6 3.7E+04 531 2.0E+05 75.0 0.4 350.0 4200 2.4E+05 2 500 
AF-1 129 13 203 356 2 10 25 2 16 25 50.0 3.9E+04 434 2.0E+05 50.0 0.2 889.0 3800 2.3E+05 1 1067 
AF-2 130 13 203 356 2 10 25 2 16 25 50.0 3.9E+04 434 2.0E+05 50.0 0.2 889.0 3800 2.3E+05 1 1067 
AF-3 131 13 203 356 2 10 25 2 16 25 50.0 3.9E+04 434 2.0E+05 50.0 0.2 889.0 3800 2.3E+05 1 1067 
2 132 37 115 150 2 10 20 3 10 20 43.3 3.6E+04 534 1.8E+05 115.0 0.1 500 3400 2.3E+05 1 500 
3 133 37 115 150 2 10 20 3 10 20 43.3 3.6E+04 534 1.8E+05 115.0 0.2 500 3400 2.3E+05 1 500 
4 134 37 115 150 2 10 20 3 10 20 43.3 3.6E+04 534 1.8E+05 115.0 0.3 500 3400 2.3E+05 1 500 
5 135 37 115 150 2 10 20 3 10 20 43.3 3.6E+04 534 1.8E+05 115.0 0.4 500 3400 2.3E+05 1 500 
B4 136 34 240 350 2 8 40 4 12 35 50.0 3.9E+04 504 2.0E+05 80.0 4.5 1380.0 1300 1.1E+05 3 1450 
B5 137 34 200 350 2 8 40 4 12 35 50.0 3.9E+04 504 2.0E+05 100.0 1.2 1380.0 3200 1.1E+05 2 1450 
B6 138 34 200 350 2 8 40 4 12 35 50.0 3.9E+04 504 2.0E+05 100.0 1.2 1380.0 3200 1.1E+05 6 1450 
B2 139 8 250 150 3 8 20 3 8 20 49.0 3.9E+04 485 2.0E+05 50.0 1.2 667.0 1300 3.1E+05 1 667 
B3 140 8 250 150 3 8 20 3 8 20 49.0 3.9E+04 485 2.0E+05 50.0 1.2 667.0 2000 2.1E+05 1 667 
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B4 141 8 250 150 3 8 20 3 8 20 52.0 4.0E+04 485 2.0E+05 50.0 1.2 667.0 2700 1.6E+05 1 667 
RB1 142 11 120 150 2 8 28 2 10 28 26.3 2.8E+04 400 2.0E+05 100.0 1.2 600.0 2800 1.7E+05 1 600 
RB2 143 11 120 150 2 8 28 2 10 28 26.3 2.8E+04 400 2.0E+05 100.0 1.2 600.0 2800 1.7E+05 1 600 
RB3 144 11 120 150 2 8 28 2 10 28 26.3 2.8E+04 400 2.0E+05 100.0 1.2 600.0 2800 1.7E+05 1 600 
RB4 145 11 120 150 2 8 28 2 10 28 26.3 2.8E+04 400 2.0E+05 100.0 1.2 600.0 2800 1.7E+05 1 600 
RB6 146 11 120 150 2 8 28 2 10 28 47.5 3.8E+04 400 2.0E+05 100.0 1.2 600.0 2800 1.7E+05 1 600 
B2 147 33 350 700 2 12 45 4 20 45 31.3 3.1E+04 557 2.0E+05 120.0 1.4 2250.0 2700 1.7E+05 3 2500 
B3 148 33 350 700 2 12 45 4 20 45 31.3 3.1E+04 557 2.0E+05 120.0 1.4 2250.0 2700 1.7E+05 3 2500 
B6 149 33 350 700 2 12 45 4 20 45 50.0 3.9E+04 557 2.0E+05 120.0 1.4 2250.0 2700 1.7E+05 2 2500 
B7 150 33 350 700 2 12 45 4 20 45 50.0 3.9E+04 557 2.0E+05 120.0 1.4 2250.0 2700 1.7E+05 3 2500 
E24-1P 151 39 150 150 2 13 36.5 2 13 30 29.4 3.0E+04 295 2.0E+05 155.7 0.1 400.0 2842 2.4E+05 1 400 
E24-2P 152 39 150 150 2 13 36.5 2 13 30 29.4 3.0E+04 295 2.0E+05 155.7 0.2 400.0 2842 2.4E+05 2 400 
E65-1P 153 39 150 150 2 13 36.5 2 13 30 29.4 3.0E+04 295 2.0E+05 150.0 0.1 400.0 3430 6.4E+05 1 400 
E65-2P 154 39 150 150 2 13 30 2 13 30 29.4 3.0E+04 295 2.0E+05 150.0 0.2 400.0 3430 6.4E+05 2 400 
C.1 155 32 150 150 2 12 30 2 12 30 23.8 2.7E+04 509 2.0E+05 50.0 1.2 610.0 2400 1.5E+05 2 610 
C.2 156 32 150 150 2 12 30 2 12 30 25.0 2.8E+04 509 2.0E+05 50.0 1.2 610.0 2400 1.5E+05 2 610 
F3 157 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 1100.0 2400 1.6E+05 1 1200 
F4 158 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 1100.0 2400 1.6E+05 1 1200 
F5 159 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 715.0 2400 1.6E+05 1 1200 
F6 160 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 715.0 2400 1.6E+05 1 1200 
F7 161 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 638.0 2400 1.6E+05 1 1200 
F8 162 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 638.0 2400 1.6E+05 1 1200 
F9 163 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 550.0 2400 1.6E+05 1 1200 
F10 164 24 155 240 2 12 31 3 12 31 100.0 3.9E+04 532 2.0E+05 120.0 1.2 550.0 2400 1.6E+05 1 1200 
A 165 52 205 455 2 13 42.5 3 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1827.5 400 3.7E+04 1 1982.5 
B 166 52 205 455 2 13 42.5 2 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1827.5 400 3.7E+04 1 1982.5 
C 167 52 205 455 2 13 48.5 2 13 48.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1827.5 400 3.7E+04 1 1982.5 
D 168 52 205 455 2 13 42.5 2 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1827.5 400 3.7E+04 1 1982.5 
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A1 169 14 203 356 2 10 38 2 16 38 43.9 3.6E+04 440 2.0E+05 50.0 0.3 254.0 3790 2.3E+05 1 1065 
A2 170 14 203 356 2 10 38 2 16 38 43.9 3.6E+04 440 2.0E+05 50.0 0.3 356.0 3790 2.3E+05 1 1065 
A3 171 14 203 356 2 10 38 2 16 38 43.9 3.6E+04 440 2.0E+05 50.0 0.3 762.0 3790 2.3E+05 1 1065 
A4 172 14 203 356 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 100.0 0.2 381.0 3790 2.3E+05 1 1065 
B1 173 14 203 356 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 75.0 0.3 889.0 3400 2.3E+05 1 1065 
B2 174 14 203 356 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 50.0 0.3 889.0 3400 2.3E+05 1 1065 
B4 175 14 203 356 2 10 38 2 16 38 42.9 3.6E+04 438 2.0E+05 50.0 0.3 889.0 3400 2.3E+05 1 1065 
B5 176 14 203 356 2 10 38 2 16 38 42.9 3.6E+04 438 2.0E+05 50.0 0.3 610.0 3400 2.3E+05 1 1065 
C2 177 14 203 406 2 10 38 2 16 38 43.9 3.6E+04 440 2.0E+05 50.0 2.1 1092.0 760 6.2E+04 1 1220 
C3 178 14 203 406 2 10 38 2 16 38 43.9 3.6E+04 440 2.0E+05 50.0 2.1 1092.0 760 6.2E+04 1 1220 
C4 179 14 203 406 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 50.0 2.1 1092.0 760 6.2E+04 1 1220 
D1 180 14 203 406 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 50.0 1.2 1092.0 2400 1.6E+05 1 1220 
D2 181 14 203 406 2 10 38 2 16 38 46.5 3.8E+04 440 2.0E+05 50.0 1.2 1092.0 2400 1.6E+05 1 1220 
A4 182 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
A5 183 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
A6 184 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
A7 185 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
A8 186 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
A9 187 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
A10 188 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
A11 189 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.8 665.0 1532 1.3E+05 2 750 
B3 190 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.4 665.0 1532 1.3E+05 2 750 
B4 191 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 0.4 665.0 1532 1.3E+05 2 750 
B5 192 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
B6 193 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
B7 194 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.8 665.0 1074 3.6E+04 2 750 
B8 195 49 200 150 2 10 25 2 10 25 62.5 4.3E+04 575 2.1E+05 150.0 1.8 665.0 1074 3.6E+04 2 750 
C3 196 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 0.4 665.0 1532 1.3E+05 2 750 
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C4 197 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 0.4 665.0 1532 1.3E+05 2 750 
C5 198 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
C6 199 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 1.2 665.0 1532 1.3E+05 2 750 
C7 200 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 1.8 665.0 1074 3.6E+04 2 750 
C8 201 49 200 150 2 10 25 2 16 22 62.5 4.3E+04 575 2.1E+05 150.0 1.8 665.0 1074 3.6E+04 2 750 
A-AT 202 68 150 250 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.4 950.0 2350 7.9E+04 1 1050 
A-AK 203 68 150 250 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.3 950.0 2060 1.2E+05 1 1050 
B-AT 204 68 150 400 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.8 950.0 2350 7.9E+04 1 1050 
B-AK 205 68 150 400 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.6 950.0 2060 1.2E+05 1 1050 
B-C1 206 68 150 400 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.3 950.0 3400 2.3E+05 1 1050 
B-C2 207 68 150 400 2 16 40 2 16 32 39.4 3.5E+04 407 2.0E+05 130.0 0.2 950.0 2400 4.4E+05 1 1050 
E1a 208 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E1b 209 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E2a 210 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 350.0 3900 2.1E+05 1 700 
E2b 211 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 350.0 3900 2.1E+05 1 700 
E3a 212 44 140 260 2 12 40 2 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E3b 213 44 140 260 2 12 40 2 12 20 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E4a 214 44 140 260 2 12 40 3 12 40 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E4b 215 44 140 260 2 12 40 3 12 40 67.1 4.5E+04 504 1.9E+05 100.0 0.8 550.0 3900 2.1E+05 1 700 
E5a 216 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 1.2 550.0 3900 2.1E+05 1 700 
E5b 217 44 140 260 2 12 40 3 12 20 67.1 4.5E+04 504 1.9E+05 100.0 1.2 550.0 3900 2.1E+05 1 700 
S1a 218 44 140 260 2 12 40 3 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
S1b 219 44 140 260 2 12 40 3 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
S2a 220 44 140 260 2 12 40 3 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
S2b 221 44 140 260 2 12 40 3 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
S3a 222 44 140 260 2 12 40 2 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
S3b 223 44 140 260 2 12 40 2 12 20 59.6 4.2E+04 504 1.9E+05 100.0 0.3 550.0 3900 2.1E+05 1 700 
A-S1 224 62 100 150 2 6 26 2 10 22 49.3 3.9E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
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A-S2 225 62 100 150 2 6 26 2 10 22 49.3 3.9E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
A-SF 226 62 100 150 2 6 26 2 10 22 47.8 3.8E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
B-S1 227 62 100 150 2 10 28 2 10 22 52.0 4.0E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
B-S2 228 62 100 150 2 10 28 2 10 22 52.0 4.0E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
B-SF 229 62 100 150 2 10 28 2 10 22 46.6 3.8E+04 500 2.0E+05 50.0 1.2 400.0 2600 1.7E+05 1 400 
A-200-P 230 46 120 220 2 32 30 2 28 30 55.0 4.1E+04 526 2.0E+05 100.0 1.2 500.0 2200 1.5E+05 1 1000 
A-420-P 231 45 120 220 2 32 30 2 28 30 55.0 4.1E+04 526 2.0E+05 100.0 1.2 500.0 2200 1.5E+05 1 1000 
B-200-P 232 46 120 220 2 32 30 2 28 30 55.0 4.1E+04 526 2.0E+05 152.4 1.2 500.0 2200 1.5E+05 1 700 
B-200-U 233 46 120 220 2 16 30 2 28 30 55.0 4.1E+04 526 2.0E+05 100.0 1.2 500.0 2200 1.5E+05 1 700 
B-200-L 234 46 120 220 2 16 30 2 28 30 55.0 4.1E+04 526 2.0E+05 100.0 1.2 500.0 2200 1.5E+05 1 700 
B-200-X 235 46 120 220 2 16 30 2 28 30 55.0 4.1E+04 526 2.0E+05 100.0 1.2 500.0 2200 1.5E+05 1 700 
2 236 59 150 200 3 10 50 2 10 50 29.4 2.2E+04 372 2.0E+05 150.0 0.3 850.0 2058 1.4E+05 1 1050 
3 237 59 150 200 3 10 50 2 10 50 29.4 2.2E+04 372 2.0E+05 150.0 0.6 850.0 2058 1.4E+05 1 850 
4 238 59 150 200 3 10 50 2 10 50 29.4 2.2E+04 372 2.0E+05 150.0 0.6 840.0 2058 1.4E+05 1 850 
5 239 59 150 200 3 10 50 2 10 50 29.4 2.2E+04 372 2.0E+05 150.0 0.8 770.0 2058 1.4E+05 1 850 
A3.1 240 57 140 300 2 16 29 2 16 29 35.6 3.3E+04 435 2.0E+05 80.0 1.2 1750.0 2300 1.5E+05 1 1800 
1U-1.0 241 28 100 100 2 6 16 3 6 13 54.0 4.0E+04 350 2.2E+05 67.0 0.8 280.0 1414 1.1E+05 1 300 
2U-1.0 242 28 100 100 2 6 16 3 6 13 54.0 4.0E+04 350 2.2E+05 67.0 0.8 280.0 1414 1.1E+05 1 300 
3U-1.0 243 28 100 100 2 6 16 3 6 13 54.0 4.0E+04 350 2.2E+05 67.0 0.8 320.0 1414 1.1E+05 1 340 
4U-1.0 244 28 100 100 2 6 16 3 6 13 54.0 4.0E+04 350 2.2E+05 67.0 0.8 380.0 1414 1.1E+05 1 400 
5U-1.0 245 28 100 100 2 6 16 3 6 13 54.0 4.0E+04 350 2.2E+05 67.0 0.8 380.0 1414 1.1E+05 1 400 
1U-2.3 246 28 130 230 2 8 25 3 10 19 47.0 3.8E+04 556 2.2E+05 90.0 1.3 805.0 1284 1.2E+05 1 845 
1U-4.5 247 28 145 230 2 8 25 2 12 19 47.0 3.8E+04 556 2.2E+05 90.0 1.3 1485.0 1284 1.2E+05 1 1525 
1B 248 51 200 200 2 9.5 43.3 2 9.5 43.3 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
1C 249 51 200 200 2 9.5 43.3 2 9.5 43.3 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
2B 250 51 200 200 2 9.5 41.7 2 12.7 41.7 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
2C 251 51 200 200 2 9.5 41.7 2 12.7 41.7 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
2D 252 51 200 200 2 9.5 41.7 2 12.7 41.7 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
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3B 253 51 200 200 2 9.5 40.1 2 15.9 40.1 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
3C 254 51 200 200 2 9.5 40.1 2 15.9 40.1 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
3D 255 51 200 200 2 9.5 40.1 2 15.9 40.1 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
4B 256 51 200 200 2 9.5 38.5 2 19 38.5 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
4C 257 51 200 200 2 9.5 38.5 2 19 38.5 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
4D 258 51 200 200 2 9.5 38.5 2 19 38.5 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
5B 259 51 200 200 2 9.5 36.9 2 22.2 36.9 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
5C 260 51 200 200 2 9.5 36.9 2 22.2 36.9 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
5D 261 51 200 200 2 9.5 36.9 2 22.2 36.9 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
6B 262 51 200 200 2 9.5 35.3 2 25.4 35.3 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
6C 263 51 200 200 2 9.5 35.3 2 25.4 35.3 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
6D 264 51 200 200 2 9.5 35.3 2 25.4 35.3 68.5 4.6E+04 410 2.0E+05 203.0 0.5 913.0 2206 1.4E+05 1 914 
B2 265 12 270 400 2 9.5 30.25 3 19.5 30.2 22.6 2.6E+04 484 2.0E+05 250.0 1.6 1199.0 3400 2.3E+05 1 1300 
B3 266 12 270 400 2 9.5 30.3 3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.6 1200.0 3400 2.3E+05 1 1300 
B5 267 12 270 400 2 9.5 30.3 3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.0 1200.0 3400 2.3E+05 1 1300 
B6 268 12 270 400 2 9.5 30.3 3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.6 1200.0 3400 2.3E+05 1 1300 
AF.2 269 2 125 225 2 6 21 2 8 21 51.3 3.9E+04 568 1.9E+05 75.0 0.3 300.0 3500 2.4E+05 1 500 
AF.2-1 270 2 125 225 2   21 2 8 21 51.3 3.9E+04 568 1.9E+05 75.0 0.3 350.0 3500 2.4E+05 1 500 
AF.3 271 2 125 225 2 6 21 2 8 21 51.3 3.9E+04 568 1.9E+05 75.0 0.3 400.0 3500 2.4E+05 1 500 
AF.4 272 2 125 225 2 6 21 2 8 21 51.3 3.9E+04 568 1.9E+05 75.0 0.3 450.0 3500 2.4E+05 1 500 
DF.1 273 2 125 225 2 6 21 3 8 21 52.5 4.0E+04 568 1.9E+05 75.0 0.2 450.0 3500 2.4E+05 1 500 
DF.2 274 2 125 225 2 6 21 3 8 21 52.5 4.0E+04 568 1.9E+05 75.0 0.3 450.0 3500 2.4E+05 1 500 
DF.4 275 2 125 225 2 6 21 3 8 21 50.6 3.9E+04 568 1.9E+05 75.0 0.7 450.0 3500 2.4E+05 1 500 
A950 276 40 120 150 2 6 25 3 10 25 32.1 3.1E+04 384 2.0E+05 80.0 1.2 250.0 3140 1.8E+05 1 440 
A1100 277 40 120 150 2 6 25 3 10 25 32.1 3.1E+04 384 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
A1150 278 40 120 150 2 6 25 3 10 25 32.1 3.1E+04 384 2.0E+05 80.0 1.2 350.0 3140 1.8E+05 1 440 
A1500 279 40 120 150 2 6 25 3 10 25 44.6 3.7E+04 384 2.0E+05 80.0 1.2 525.0 3140 1.8E+05 1 440 
B1 280 40 120 150 2 6 27 2 6 27 44.6 3.7E+04 400 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
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B2 281 40 120 150 2 6 20 2 20 20 44.6 3.7E+04 466 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
C5 282 40 120 150 2 6 5 3 10 5 25.1 2.8E+04 384 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
C10 283 40 120 150 2 6 10 3 10 10 25.1 2.8E+04 384 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
C20 284 40 120 150 2 6 20 3 10 20 25.1 2.8E+04 384 2.0E+05 80.0 1.2 325.0 3140 1.8E+05 1 440 
3a 285 24 100 150 0 0 20 2 8 20 37.0 3.3E+04 250 2.0E+05 80.0 1.2 380.0 2400 1.6E+05 1 455 
4b 286 24 100 150 0 0 20 2 8 20 32.5 3.1E+04 250 2.0E+05 80.0 1.2 380.0 2400 1.6E+05 1 455 
S-A 287 63 150 300 2 11.3 30.3 3 19.5 30.3 45.6 3.7E+04 400 2.0E+05 100.0 1.2 491.0 2400 1.6E+05 1 1000 
S-B 288 63 150 300 2 11.3 30.3 3 19.5 30.3 45.6 3.7E+04 400 2.0E+05 100.0 1.2 491.0 2400 1.6E+05 1 1000 
S-C 289 63 150 300 2 11.3 30.3 3 19.5 30.3 45.6 3.7E+04 400 2.0E+05 100.0 1.2 855.7 2400 1.6E+05 1 1000 
S-D 290 63 150 300 2 11.3 30.3 3 19.4 30.3 45.6 3.7E+04 400 2.0E+05 100.0 1.2 491.0 2400 1.6E+05 1 1000 
R-A 291 63 150 300 2 11.3 30.3 3 19.4 30.3 45.6 3.7E+04 400 2.0E+05 135.0 3.1 491.0 3000 1.6E+05 1 1000 
R-B 292 63 150 300 2 11.3 30.3 3 19.4 30.3 45.6 3.7E+04 400 2.0E+05 135.0 3.1 381.0 3000 1.6E+05 1 1000 
R-C 293 63 150 300 2 11.3 30.3 3 19.4 30.3 45.6 3.7E+04 400 2.0E+05 135.0 3.1 491.0 3000 1.6E+05 1 1000 
R-D 294 63 150 300 2 11.3 30.3 3 19.4 30.3 45.6 3.7E+04 400 2.0E+05 135.0 3.1 491.0 3000 1.6E+05 1 1000 
C-1 295 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 0.1 737.0 2615 2.2E+05 1 839 
C-2 296 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.3 737.0 2154 1.5E+05 1 839 
C-3 297 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.9 737.0 689 4.9E+04 1 839 
H-50-1 298 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.0 737.0 390 2.2E+04 1 839 
H-50-2 299 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.0 737.0 390 2.2E+04 1 839 
H-75-1 300 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.5 737.0 390 2.2E+04 1 839 
H-75-2 301 30 152 254 2 9.5 52.3 2 16 47.5 55.2 4.1E+04 415 2.0E+05 152.0 1.5 737.0 390 2.2E+04 1 839 
S-4 302 43 152 152 2 12.7 28.6 2 12.7 35 39.3 3.4E+04 427 1.8E+05 152.0 1.0 381.0 1976 8.4E+04 1 407 
B7 303 31 152 305 2 6.4 47.7 4 9.5 44.5 40.0 3.5E+04 400 2.0E+05 50.0 1.2 195.9 2400 1.6E+05 1 1372 
BCRP7 304 45 150 250 2 6 25 2 20 25 38.0 3.4E+04 500 2.0E+05 150.0 2.7 717.0 1600 8.5E+04 1 767 
CP 305 6 150 150 2 6 34 3 12 31 47.2 3.8E+04 450 2.0E+05 100.0 3.0 325.0 200 1.5E+04 1 400 
SP 306 6 150 150 2 6 34 3 12 31 47.2 3.8E+04 450 2.0E+05 100.0 3.0 325.0 200 1.5E+04 1 400 
WP 307 6 150 150 2 6 34 3 12 31 47.2 3.8E+04 450 2.0E+05 100.0 3.0 325.0 200 1.5E+04 1 400 
JP 308 6 150 150 2 6 34 3 12 31 47.2 3.8E+04 450 2.0E+05 100.0 3.0 325.0 200 1.5E+04 1 400 
APPENDIX A :  FRP PLATED BEAMS DATABASE 
 
185 
 
Table A.1 FRP plated beams database 
O
ri
gi
na
l B
ea
m
  
N
o.
 
N
ew
 B
ea
m
 N
o.
 
Ref. 
No. 
Concrete Section Steel Bars FRP plate 
b(
m
m
) 
h(
m
m
) 
Bars in 
Compression Bars in tension fcu       
(MPa) 
Ec        
(MPa) 
fy         
(MPa) 
Es          
(MPa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(MPa) 
Ep             
(MPa) 
t ad
h 
  (
m
m
) 
a      
(mm) 
N
o.
 d 
(mm) 
Cover 
(mm) N
o.
 Dia.   
(mm) 
h' 
(mm)  
B3 309 12 270 400 2 9.5 30.3  3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.6 1200.0 3400 2.3E+05 1 1300 
B5 310 12 270 400 2 9.5  30.3 3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.0 1200.0 3400 2.3E+05 1 1300 
B6 311 12 270 400 2 9.5  30.3 3 19.5 30.3 22.6 2.6E+04 485 2.0E+05 250.0 1.6 1200.0 3400 2.3E+05 1 1300 
SM2 312 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 3510 2.4E+05 1 420 
SM4 313 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 3510 2.4E+05 1 420 
SM5 314 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 140.0 1.0 370.0 3510 2.4E+05 1 420 
ST3 315 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 3480 2.4E+05 1 420 
ST4 316 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 2940 3.8E+05 1 420 
MM5 317 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.6 750.0 3510 2.4E+05 1 950 
SM3 318 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 3510 2.4E+05 1 420 
SM6 319 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.6 320.0 3510 2.4E+05 1 420 
ST2 320 9 320 160 2 12 56 2 12 50 45.0 3.7E+04 550 2.0E+05 300.0 1.0 370.0 3480 2.4E+05 1 420 
MM2 321 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3510 2.4E+05 1 950 
MM3 322 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3510 2.4E+05 1 950 
MM4 323 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 750.0 3510 2.4E+05 1 950 
MT2 324 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3480 2.4E+05 1 950 
MT3 325 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3480 2.4E+05 1 950 
MT4 326 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3480 2.4E+05 1 950 
MT5 327 9 160 320 2 16 58 2 16 50 45.0 3.7E+04 550 2.0E+05 150.0 1.0 850.0 3480 2.4E+05 1 950 
BCRP11 328 45 150 250 2 6  25 2 20 25 40.0 3.5E+04 500 2.0E+05 150.0 4.0 717.0 2300 1.2E+05 1 767 
BCRP13 329 45 150 250 2 6  25 2 20 25 39.1 3.4E+04 500 2.0E+05 150.0 2.7 717.0 1600 8.5E+04 1 767 
BCRP14 330 45 150 250 2 6  25 2 20 25 39.1 3.4E+04 500 2.0E+05 150.0 2.7 717.0 1600 8.5E+04 1 767 
A1b 331 48 100 100 2 6 12 3 6 12 70.0 4.6E+04 440 2.1E+05 80.0 1.2 280.0 1078.9 4.9E+04 1 300 
A1c 332 48 100 100 2 6 12 3 6 12 70.0 4.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
A2b 333 48 100 100 2 6 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
A2c 334 48 100 100 2 6 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
A2d 335 48 100 100 2 6 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
A2e 336 48 100 100 2 6 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
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A2f 337 48 100 100 2 8 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078.5 4.9E+04 1 300 
A2g 338 48 100 100 2 8 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 150.0 1078 4.9E+04 1 300 
A2h 339 48 100 100 2 6 12 3 6 12 42.0 3.6E+04 440 2.1E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
B2 340 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
B3 341 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 30.0 1.2 280.0 1078 4.9E+04 1 300 
B4 342 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.6 280.0 1078 4.9E+04 1 300 
B5 343 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 280.0 1078 4.9E+04 1 300 
B6 344 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 280.0 987 4.9E+04 1 300 
B7 345 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 300.0 987 1.2E+05 1 300 
B8 346 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 280.0 987 1.2E+05 1 300 
B9 347 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 80.0 1.2 280.0 987 1.2E+05 1 300 
B10 348 47 100 100 2 6 12 3 6 12 53.0 4.0E+04 440 2.2E+05 65.0 1.2 300.0 987 1.2E+05 1 300 
1Au 349 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 299.0 1273 1.1E+05 1 300 
2Au 350 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 339.0 1273 1.1E+05 1 340 
3Au 351 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 339.0 1273 1.1E+05 1 400 
2Aa 352 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 339.0 1273 1.1E+05 1 340 
2A2a 353 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 339.0 1273 1.1E+05 1 340 
2A3a 354 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 90.0 0.5 339.0 1273 1.1E+05 1 340 
1Bu 355 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 299.0 1273 1.1E+05 1 300 
1B2u 356 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 299.0 1273 1.1E+05 1 300 
2Bu 357 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 339.0 1273 1.1E+05 1 340 
3Bu 358 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 339.0 1273 1.1E+05 1 400 
2Ba 359 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 339.0 1273 1.1E+05 1 340 
2B2a 360 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 65.0 0.7 339.0 1273 1.1E+05 1 340 
1Cu 361 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 45.0 1.0 299.0 1273 1.1E+05 1 300 
2Cu 362 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 45.0 1.0 339.0 1273 1.1E+05 1 340 
3Cu 363 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 45.0 1.0 339.0 1273 1.1E+05 1 400 
2Ca 364 29 100 100 2 6 13 3 6 13 59.1 4.2E+04 436 2.2E+05 45.0 1.0 339.0 1273 1.1E+05 1 340 
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CC 365 52 205 455 2 13 48.5 2 13 48.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1828.0 400 3.7E+04 1 1983 
AA 366 52 205 455 2 13 42.5 3 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1828.0 400 3.7E+04 1 1983 
BB 367 52 205 455 2 13 42.5 2 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1828.0 400 3.7E+04 1 1983 
DD 368 52 205 455 2 13 42.5 2 25 42.5 43.8 3.6E+04 456 2.0E+05 152.0 6.0 1828.0 400 3.7E+04 1 1983 
N 369 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 153.0 6.4 610.0 1172.4 7.2E+04 1 915 
H 370 50 152 305 0 0 47.6 2 12.7 47.6 53.7 4.0E+04 414 2.0E+05 152.0 9.3 711.0 241.4 2.1E+04 1 915 
M 371 50 152 305 0 0 47.6 2 12.7 47.6 53.7 4.0E+04 414 2.0E+05 152.0 1.3 914.0 1489.7 1.2E+05 1 915 
G 372 50 152 305 0 0 47.6 2 12.7 47.6 53.7 4.0E+04 414 2.0E+05 152.0 4.2 914.0 184.1 1.0E+04 1 915 
C 373 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 152.0 4.8 711.0 160.7 1.2E+04 1 915 
D 374 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 151.0 4.8 711.0 160.7 1.2E+04 1 915 
E 375 50 152 305 0 0 47.6 2 12.7 47.6 53.7 4.0E+04 414 2.0E+05 153.0 4.8 656.0 160.7 1.2E+04 1 915 
L 376 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 152.0 1.3 914.0 613.8 5.5E+04 1 915 
F 377 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 153.0 9.5 693.0 160.7 1.2E+04 1 915 
I 378 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 2.0E+05 150.0 4.1 711.0 319.3 2.8E+04 1 915 
J 379 50 152 305 0 0 47.6 2 12.7 47.6 49.7 3.9E+04 414 1.9E+05 152.0 3.2 584.0 590.3 3.0E+04 1 915 
K 380 50 152 305 0 0 47.6 2 12.7 47.6 53.7 4.0E+04 414 2.0E+05 152.0 3.2 584.0 590.3 3.0E+04 1 915 
P1 381 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 1.0 318.0 170 1.5E+04 1 393 
P2 382 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 2.0 318.0 170 1.5E+04 1 393 
P2B 383 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 2.0 318.0 170 1.5E+04 1 393 
P2BW 384 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 2.0 318.0 170 1.5E+04 1 393 
P3 385 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 3.0 318.0 170 1.5E+04 1 393 
P3B 386 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 3.0 318.0 170 1.5E+04 1 393 
P3BW 387 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 3.0 318.0 170 1.5E+04 1 393 
P3J 388 53 150 150 2 6 31 2 10 31 47.1 3.8E+04 450 2.0E+05 100.0 3.0 343.0 170 1.5E+04 1 393 
VR5 389 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 0.4 783.0 3400 2.3E+05 1 783.0 
VR6 390 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 0.4 783.0 3400 2.3E+05 1 783.0 
VR7 391 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 0.8 783.0 3400 2.3E+05 1 783.0 
VR8 392 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 0.8 783.0 3400 2.3E+05 1 783.0 
APPENDIX A :  FRP PLATED BEAMS DATABASE 
 
188 
 
Table A.1 FRP plated beams database 
O
ri
gi
na
l B
ea
m
  
N
o.
 
N
ew
 B
ea
m
 N
o.
 
Ref. 
No. 
Concrete Section Steel Bars FRP plate 
b(
m
m
) 
h(
m
m
) 
Bars in 
Compression Bars in tension fcu       
(MPa) 
Ec        
(MPa) 
fy         
(MPa) 
Es          
(MPa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(MPa) 
Ep             
(MPa) 
t ad
h 
  (
m
m
) 
a      
(mm) 
N
o.
 d 
(mm) 
Cover 
(mm) N
o.
 Dia.   
(mm) 
h' 
(mm)  
VR9 393 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 1.1 783.0 3400 2.3E+05 1 783.0 
VR10 394 10 120 250 2 6 22 2 10 20 42.0 3.6E+04 565 2.0E+05 120.0 1.1 783.0 3400 2.3E+05 1 783.0 
S6-50-0 395 32 330 100 0 0 0 4 6 12 26.7 2.8E+04 677 2.0E+05 50.0 1.2 800.0 2940 1.7E+05 1 850 
S6-50-1 396 32 330 100 0 0 0 4 6 12 26.7 2.8E+04 677 2.0E+05 50.0 1.2 800.0 2940 1.7E+05 1 850 
S8-50-0 397 32 330 100 0 0 0 4 8 11 26.7 2.8E+04 653 2.0E+05 50.0 1.2 800.0 2940 1.7E+05 1 850 
S8-50-1 398 32 330 100 0 0 0 4 8 11 26.7 2.8E+04 653 2.0E+05 50.0 1.2 800.0 2940 1.7E+05 1 850 
A1 399 61 150 300 0 0 0 7 12 44 63.3 4.4E+04 427 2.0E+05 150.0 0.2 1065.0 3400 2.3E+05 1 1065 
A2 400 61 150 300 0 0 0 7 12 44 63.3 4.4E+04 427 2.0E+05 150.0 0.3 1065.0 3400 2.3E+05 1 1065 
A7 401 61 150 300 0 0 0 7 12 44 63.3 4.4E+04 427 2.0E+05 75.0 0.3 1065.0 3400 2.3E+05 1 1065 
C1 402 61 150 300 0 0 0 7 12 44 63.3 4.4E+04 427 2.0E+05 75.0 0.2 1065.0 3400 2.3E+05 1 1065 
CF1 403 64 120 150 2 6 22 2 12 19 19.6 2.4E+04 569 2.0E+05 80.0 0.1 600.0 3652 2.5E+05 1 600.0 
GF1 404 64 120 150 2 6 22 2 12 19 19.6 2.4E+04 569 2.0E+05 80.0 0.1 600.0 350 1.7E+04 1 600.0 
CF3 405 64 80 120 2 6 22 2 12 19 19.6 2.4E+04 347 2.0E+05 50.0 0.1 400.0 3652 2.5E+05 1 400.0 
BM0 406 66 400 200 6 6 22 6 14 18 50.3 3.9E+04 373 2.0E+05 300.0 0.1 1380.0 3550 2.4E+05 1 3550 
B 06 407 67 100 180 2 6 22 3 8 21 40.0 3.5E+04 324 2.0E+05 100.0 0.2 650.0 3550 2.4E+05 1 700 
B 08 408 67 100 180 2 6 22 3 8 21 53.8 4.0E+04 324 2.0E+05 100.0 0.3 650.0 3550 2.4E+05 1 700 
B1 409 23 150 200 2 6 12 3 8 11 31.2 3.1E+04 288 2.0E+05 150.0 0.1 470.0 3500 2.4E+05 1 550.0 
B2 410 23 150 200 2 6 12 3 8 11 31.2 3.1E+04 288 2.0E+05 150.0 0.1 470.0 3500 2.4E+05 1 550.0 
B3 411 23 150 200 2 6 12 3 8 11 31.2 3.1E+04 288 2.0E+05 150.0 0.1 470.0 3500 2.4E+05 1 550.0 
LL-3 412 69 150 250 2 12 9 2 12 9 25.2 2.8E+04 351 2.0E+05 100.0 0.2 550.0 3550 2.4E+05 1 600 
LL-4 413 69 150 250 2 12 9 2 12 9 41.4 3.5E+04 351 2.0E+05 100.0 0.2 550.0 3550 2.4E+05 1 600 
LL-5 414 69 150 250 2 12 9 2 14 8 25.2 2.8E+04 381 2.0E+05 100.0 0.1 550.0 3550 2.4E+05 1 600 
DF.1 415 1 125 225 2 6 21 3 8 21 52.5 4.0E+04 568 1.9E+05 75.0 0.2 467.0 3500 2.4E+05 1 500 
DF.2 416 1 125 225 2 6 21 3 8 21 52.5 4.0E+04 568 1.9E+05 75.0 0.2 457.0 3500 2.4E+05 1 500 
DF.3 417 1 125 225 2 6 21 3 8 21 50.6 3.9E+04 568 1.9E+05 75.0 0.2 450.0 3500 2.4E+05 1 500 
DF.4 418 1 125 225 2 6 21 3 8 21 50.6 3.9E+04 568 1.9E+05 75.0 0.2 450.0 3500 2.4E+05 1 500 
P2 419 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 150.0 3.0 500.0 55 1.2E+04 1 900 
P3 420 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 150.0 3.0 500.0 55 1.2E+04 1 900 
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P4 421 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 150.0 6.0 500.0 55 1.2E+04 1 900 
P6 422 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 150.0 6.0 500.0 55 1.2E+04 1 900 
P7 423 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 100.0 1.2 800.0 2400 1.5E+05 1 900 
P8 424 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 100.0 1.2 800.0 2400 1.5E+05 1 900 
P9 425 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 100.0 2.4 800.0 2400 1.5E+05 1 900 
P10 426 20 150 300 0 0 0 2 14 21 50.0 3.9E+04 500 2.0E+05 100.0 2.4 800.0 2400 1.5E+05 1 900 
A-250-1 427 35 150 250 2 16 32 2 16 32 37.0 3.3E+04 406 2.1E+05 130.0 0.3 850.0 2060 1.2E+05 1 950 
C-250-1 428 35 150 250 2 16 32 2 16 32 37.0 3.3E+04 406 2.1E+05 130.0 0.2 850.0 3400 2.3E+05 1 950 
A-400-2 429 35 150 400 2 16 32 2 16 32 37.0 3.3E+04 406 2.1E+05 130.0 0.6 850.0 2060 1.2E+05 1 950 
C-400-2 430 35 150 400 2 16 32 2 16 32 37.0 3.3E+04 406 2.1E+05 130.0 0.3 850.0 3400 2.3E+05 1 950 
1 431 5 150 230 2 6 25 3 12.7 25 68.8 4.6E+04 413 2.0E+05 150.0 0.2 840.0 3790 2.3E+05 1 840 
2 432 5 150 230 2 6 25 3 12.7 25 68.8 4.6E+04 413 2.0E+05 150.0 0.2 840.0 3790 2.3E+05 1 840 
3 433 5 150 230 2 6 25 3 12.7 25 68.8 4.6E+04 413 2.0E+05 150.0 0.2 840.0 3790 2.3E+05 1 840 
6 434 5 150 230 2 6 25 3 12.7 25 68.8 4.6E+04 413 2.0E+05 150.0 0.2 840.0 3790 2.3E+05 1 840 
1,2,3 435 7 200 300 2 12 20 3 12 20 31.3 3.1E+04 460 2.1E+05 50.0 1.2 910.0 2400 1.5E+05 1 960 
BFS-1 436 55 200 300 1 6 29 3 14 25 43.8 3.6E+04 420 2.0E+05 200.0 1.0 750.0 846 7.7E+04 1 750 
BFS-2 437 55 200 300 1 6 29 3 14 25 43.8 3.6E+04 420 2.0E+05 200.0 1.0 750.0 846 7.7E+04 1 750 
1-A2 438 17 180 100 2 8 15 2 10 30 41.3 3.5E+04 456 2.0E+05 100.0 0.2 850.0 3450 2.3E+05 1 850 
1-A3 439 17 180 100 2 8 15 2 10 30 41.3 3.5E+04 456 2.0E+05 100.0 0.3 850.0 3450 2.3E+05 1 850 
1-A4 440 17 180 100 2 8 15 2 10 30 41.3 3.5E+04 456 2.0E+05 100.0 0.3 850.0 3450 2.3E+05 1 850 
1-A5 441 17 180 100 2 8 15 2 10 30 41.3 3.5E+04 456 2.0E+05 100.0 0.2 850.0 3450 2.3E+05 1 850 
1-A7 442 17 180 100 2 8 15 2 10 30 41.3 3.5E+04 456 2.0E+05 100.0 0.2 850.0 3450 2.3E+05 1 850 
1-A8 443 17 180 100 2 10 15 2 8 30 41.3 3.5E+04 513 2.0E+05 100.0 0.2 850.0 3450 2.3E+05 1 850 
1-B2 444 17 180 100 2 8 15 2 12 30 41.3 3.5E+04 432 2.0E+05 100.0 0.2 750.0 3450 2.3E+05 1 750 
1-B3 445 17 180 100 2 8 15 2 12 30 41.3 3.5E+04 432 2.0E+05 100.0 0.3 750.0 3450 2.3E+05 1 750 
1-B4 446 17 180 100 2 8 15 2 12 30 41.3 3.5E+04 432 2.0E+05 100.0 0.3 750.0 3450 2.3E+05 1 750 
1-B5 447 17 180 100 2 8 15 2 12 30 41.3 3.5E+04 432 2.0E+05 100.0 0.2 750.0 3450 2.3E+05 1 750 
1-B7 448 17 180 100 2 8 15 2 12 30 41.3 3.5E+04 432 2.0E+05 100.0 0.2 750.0 3450 2.3E+05 1 750 
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2-A2 449 17 150 100 2 8 15 2 8 30 36.3 3.3E+04 530 2.0E+05 110.0 0.2 750.0 3450 2.3E+05 1 750 
2-A3 450 17 150 100 2 8 15 2 8 30 36.3 3.3E+04 530 2.0E+05 110.0 0.2 750.0 3450 2.3E+05 1 750 
2-A4 451 17 150 100 2 8 15 2 8 30 36.3 3.3E+04 530 2.0E+05 100.0 0.2 750.0 3450 2.3E+05 1 750 
2-B2 452 17 150 100 2 10 15 2 10 30 36.3 3.3E+04 570 2.0E+05 110.0 0.2 750.0 3450 2.3E+05 1 750 
2-B3 453 17 150 100 2 10 15 2 10 30 36.3 3.3E+04 570 2.0E+05 110.0 0.2 750.0 3450 2.3E+05 1 750 
2-B4 454 17 150 100 2 10 15 2 10 30 36.3 3.3E+04 570 2.0E+05 100.0 0.3 750.0 3450 2.3E+05 1 750 
2-C3 455 17 100 150 2 8 15 2 8 30 36.3 3.3E+04 530 2.0E+05 80.0 0.1 750.0 3450 2.3E+05 1 750 
2-C4 456 17 100 150 2 8 15 2 8 30 36.3 3.3E+04 530 2.0E+05 80.0 0.1 750.0 3450 2.3E+05 1 750 
2-D3 457 17 100 150 2 10 15 2 10 30 36.3 3.3E+04 570 2.0E+05 80.0 0.1 550.0 3450 2.3E+05 1 550 
2-E3 458 17 150 100 2 10 15 4 10 30 36.3 3.3E+04 570 2.0E+05 100.0 0.3 750.0 3450 2.3E+05 1 750 
A2 459 41 200 200 2 8 26 3 12 29 70.1 4.6E+04 390 2.0E+05 120.0 1.2 600.0 2800 1.7E+05 1 700 
A3 460 41 200 200 2 8 26 3 12 29 70.1 4.6E+04 390 2.0E+05 120.0 1.2 600.0 2800 1.7E+05 1 700 
B2 461 41 200 200 2 8 26 3 14 28 70.1 4.6E+04 390 2.0E+05 120.0 1.2 600.0 2800 1.7E+05 1 700 
RF1 462 42 150 300 2 10 20 2 12 19 36.3 3.3E+04 495 2.1E+05 50.0 1.2 520.0 2640 1.7E+05 1 520 
RF2 463 42 150 300 2 10 20 2 12 19 36.3 3.3E+04 495 2.1E+05 50.0 1.2 260.0 2640 1.7E+05 1 520 
RF3 464 42 150 300 2 10 20 2 12 19 36.3 3.3E+04 495 2.1E+05 50.0 1.2 212.0 2640 1.7E+05 1 520 
RS1a 465 42 150 300 2 10 20 2 18 16 36.3 3.3E+04 495 2.1E+05 50.0 1.2 520.0 2640 1.7E+05 1 520 
RS1b 466 42 150 300 2 10 20 2 18 16 36.3 3.3E+04 495 2.1E+05 50.0 1.2 520.0 2640 1.7E+05 1 520 
B3 467 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 1100.0 2400 1.6E+05 3 1100 
B4 468 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 1100.0 2400 1.6E+05 3 1100 
B5 469 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 715.0 2400 1.6E+05 3 1100 
B6 470 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 715.0 2400 1.6E+05 3 1100 
B7 471 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 638.0 2400 1.6E+05 3 1100 
B8 472 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 638.0 2400 1.6E+05 3 1100 
B9 473 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 550.0 2400 1.6E+05 3 1100 
B10 474 24 155 240 2 12 25 3 12 25 100.0 5.5E+04 460 2.0E+05 120.0 1.2 550.0 2400 1.6E+05 3 1100 
B1F 475 21 120 300 2 8 20 3 18 20 48.1 3.8E+04 400 2.0E+05 100.0 0.2 850.0 3800 2.4E+05 1 900 
B3FS 476 21 120 300 2 10 20 4 18 20 48.1 3.8E+04 400 2.0E+05 100.0 0.2 850.0 3800 2.4E+05 1 900 
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CB3-2S 477 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 76.0 1.4 1677.0 2068 1.4E+05 1 1830 
CB4-2S 478 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 76.0 1.4 1677.0 2068 1.4E+05 1 1830 
CB5-3S 479 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 76.0 1.4 1677.0 2068 1.4E+05 1 1830 
CB6-3S 480 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 76.0 1.4 1677.0 2068 1.4E+05 1 1830 
CB7-1S 481 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 102.0 4.8 1677.0 552 4.8E+04 1 1830 
CB8-1SB 482 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 102.0 4.8 1677.0 552 4.8E+04 1 1830 
CB9-1SB 483 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 102.0 4.8 1677.0 552 4.8E+04 1 1830 
CB10-2SB 484 3 230 380 2 9 25 2 25 38 38.8 3.4E+04 414 2.0E+05 102.0 4.8 1677.0 552 4.8E+04 1 1830 
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APPENDIX B : STEEL PLATED BEAMS DATABASE 
The references for this database are as listed as below. The database is displayed in Table 
B.1. 
1. M. Ashrafuddin, M.H. Baluch, A. Sharif, G.J. Al-Sulaimani, A.K. Azad and A.R. 
Khan. “Peeling and diagonal tension failures in steel plated R/C beams”, Construction 
and Building Materials. 13 (1999) 459-467.  
2.  M. Baluch, Y. Ziraba, A. Azad, A. Sharif, G. AlSulaimani and I. Basunbul. “Shear 
strength of plated RC beams”, Magazine of Concrete Research. 47 (1995) 369-374.  
3. P. Fanning, "Experimental testing and numerical modelling of reinforced concrete 
beams strengthened using fibre reinforced composite materials", Proceeding of the 7th 
International Conference on Structural Faults and Repair (1997) 211-217.  
4. P.M. Heathcote, "Theoretical and experimental study on FRP or steel plated R.C. 
beams", PhD Thesis, Loughborough University, (2004).  
5. M.D. MacDonald, "The Flexural Performance of 3.5 m Concrete Beams with Various 
Bonded External Reinforcement", Transport Research Laboratories (TRRL), 
Department of Environmental, Supplementary Report No. 728 (1982).  
6. D.J Oehlers. “Reinforced-Concrete Beams with Plates Glued to their Soffits”, Journal 
of Structural Engineering-ASCE. 118 (1992) 2023-2038.  
7. D. Oehlers and J. Moran. “Premature Failure of Externally Plated Reinforced-
Concrete Beams”, Journal of Structural Engineering.-ASCE. 116 (1990) 978-995.  
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laminates”, Proceedings of the Conference on Innovation in Composite Materials and 
Structures, Leeming, M.B. and Topping, B.H.V. (ed), Edinburgh, (1997), 9-23 
9. P.A. Ritchie, D.A. Thomas, L.W. Lu and G.M. Connelly. “External Reinforcement of 
Concrete Beams using Fiber Reinforced-Plastics”, ACI Structural Journal. 88 (1991) 
490-500.  
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1/1 1 7 125 150 2 12 30 2 16 30 48.0 3.8E+04 444 2.1E+05 125.0 3.0 404.0 272 2.1E+05 1 404.05 
1/2 2 7 125 150 2 12 20 2 16 30 48.0 3.8E+04 444 2.1E+05 125.0 3.0 404.0 272 2.1E+05 1 439.9 
2/1 3 7 125 150 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
2/2 4 7 125 150 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
3/1 5 7 125 150 2 12 20 2 16 20 28.0 2.9E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
3/2 6 7 125 150 2 12 20 2 16 20 28.0 2.9E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
3/3 7 7 125 150 2 12 20 2 16 20 28.0 2.9E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
3/4 8 7 125 150 2 12 20 2 16 20 28.0 2.9E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
4/1 9 7 125 150 2 12 20 2 16 20 45.0 3.7E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
4/2 10 7 125 150 2 12 20 2 16 20 45.0 3.7E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
4/3 11 7 125 150 2 12 20 2 16 20 44.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
4/4 12 7 125 150 2 12 20 2 16 20 44.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
5/1 13 7 125 150 2 12 20 2 16 20 44.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
5/2 14 7 125 150 2 12 20 2 16 20 44.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
5/3 15 7 125 150 2 12 20 2 16 20 43.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
5/4 16 7 125 150 2 12 20 2 16 20 43.0 3.6E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
6/1 17 7 125 150 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
6/2 18 7 125 150 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
6/3 19 7 125 150 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
6/4 20 7 125 150 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 125.0 5.0 439.9 272 2.1E+05 1 439.9 
7/1 21 7 120 200 2 12 20 2 16 20 35.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272 2.1E+05 1 439.01 
7/2 22 7 120 200 2 12 20 2 16 20 35.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272.0 2.1E+05 1 439.01 
7/3 23 7 120 200 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 120.0 5.0 439.0 272.0 2.1E+05 1 439.01 
7/4 24 7 120 200 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 120.0 5.0 439.0 272.0 2.1E+05 1 439.01 
8/1 25 7 120 200 2 12 20 2 16 20 37.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272 2.1E+05 1 439.01 
8/2 26 7 120 200 2 12 20 2 16 20 37.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272 2.1E+05 1 439.01 
8/3 27 7 120 200 2 12 20 2 16 20 35.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272 2.1E+05 1 439.01 
8/4 28 7 120 200 2 12 20 2 16 20 35.0 3.3E+04 444 2.1E+05 120.0 5.0 439.0 272 2.1E+05 1 439.01 
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9/1 29 7 125 150 2 12 20 2 16 20 38.0 3.4E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
9/2 30 7 125 150 2 12 20 2 16 20 38.0 3.4E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
9/3 31 7 125 150 2 12 20 2 16 20 29.0 3.0E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
9/4 32 7 125 150 2 12 20 2 16 20 29.0 3.0E+04 444 2.1E+05 125.0 3.0 439.9 272 2.1E+05 1 439.9 
10/1 33 7 120 180 2 12 20 2 16 20 33.0 3.2E+04 444 2.1E+05 120.0 10.0 439.0 272 2.1E+05 1 439.01 
10/2 34 7 120 180 2 12 20 2 16 20 33.0 3.2E+04 444 2.1E+05 120.0 10.0 439.0 272 2.1E+05 1 439.01 
10/3 35 7 120 180.00 2 12 20 2 16 20 37.0 3.3E+04 444 2.1E+05 120.0 6.5 439.0 272 2.1E+05 1 439.01 
10/4 36 7 120 180.00 2 12 20 2 16 20 37.0 3.3E+04 444 2.1E+05 120.0 6.5 439.0 272 2.1E+05 1 439.01 
11/1 37 7 120 180.00 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 120.0 3.0 439.0 272 2.1E+05 1 439.01 
11/2 38 7 120 180.00 2 12 20 2 16 20 34.0 3.2E+04 444 2.1E+05 120.0 3.0 439.0 272 2.1E+05 1 439.01 
11/3 39 7 120 180.00 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 120.0 15.0 439.0 272 2.1E+05 1 439.01 
11/4 40 7 120 180.00 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 120.0 15.0 439.0 272 2.1E+05 1 439.01 
12/1 41 7 120 180.00 2 12 20 2 16 20 30.0 3.0E+04 444 2.1E+05 100.0 10.0 440.7 272 2.1E+05 1 440.71 
12/2 42 7 120 180.00 2 12 20 2 16 20 30.0 3.0E+04 444 2.1E+05 50.0 10.0 381.7 272 2.1E+05 1 381.73 
12/3 43 7 120 180.00 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 25.0 10.0 261.1 272 2.1E+05 1 261.07 
12/4 44 7 120 180.00 2 12 20 2 16 20 36.0 3.3E+04 444 2.1E+05 75.0 10.0 428.0 272 2.1E+05 1 427.96 
13/6 45 7 120 200.00 2 12 10 2 16 10 42.0 3.6E+04 444 2.1E+05 120.0 5.0 370.3 272 2.1E+05 1 370.32 
13/7 46 7 120 240.00 2 12 10 2 16 10 41.0 3.5E+04 444 2.1E+05 120.0 5.0 370.3 272 2.1E+05 1 370.32 
13/9 47 7 120 160.00 2 12 10 2 16 10 46.0 3.7E+04 444 2.1E+05 120.0 2.0 370.3 272 2.1E+05 1 370.32 
13/10 48 7 120 160.00 2 12 10 2 16 10 46.0 3.7E+04 444 2.1E+05 120.0 2.0 370.3 272 2.1E+05 1 370.32 
13/11 49 7 120 160.00 2 12 10 2 16 10 35.0 3.3E+04 444 2.1E+05 120.0 5.0 370.3 272 2.1E+05 1 370.32 
13/13 50 7 120 160.00 2 12 30 2 16 30 37.0 3.3E+04 444 2.1E+05 120.0 2.0 409.8 272 2.1E+05 1 409.81 
13/14 51 7 120 160.00 2 12 30 2 16 30 37.0 3.3E+04 444 2.1E+05 120.0 5.0 409.8 272 2.1E+05 1 409.81 
13/15 52 7 120 160.00 2 12 30 2 20 30 33.0 3.2E+04 444 2.1E+05 120.0 2.0 424.0 272 2.1E+05 1 424.01 
13/16 53 7 120 160.00 2 12 30 2 20 30 33.0 3.2E+04 444 2.1E+05 120.0 5.0 424.0 272 2.1E+05 1 424.01 
13/17 54 7 120 160 2 12 50 2 16 50 43.0 3.6E+04 444 2.1E+05 120.0 6.0 243.5 272 2.1E+05 1 243.46 
13/18 55 7 120 160 2 12 50 2 16 50 43.0 3.6E+04 444 2.1E+05 120.0 2.0 243.5 272 2.1E+05 1 243.46 
13/19 56 7 120 160 2 12 30 2 12 30 43.0 3.6E+04 444 2.1E+05 120.0 2.0 385.9 272 2.1E+05 1 385.86 
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13/20 57 7 120 160 2 10 30 2 12 30 43.0 3.6E+04 444 2.1E+05 120.0 5.0 385.9 272 2.1E+05 1 385.86 
1/2/S 58 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 450.0 272 2.1E+05 1 550 
1/2/N 59 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 550 
1/3/S 60 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 300.0 272 2.1E+05 1 550 
1/3/N 61 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 150.0 272 2.1E+05 1 550 
1/4/S 62 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 500.0 272 2.1E+05 1 550 
2/1/S 63 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 475.0 272 2.1E+05 1 550 
2/1/N 64 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 250.0 272 2.1E+05 1 550 
2/2/N 65 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 250.0 272 2.1E+05 1 550 
2/2/S 66 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 475.0 272 2.1E+05 1 550 
2/3/N 67 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 250.0 272 2.1E+05 1 550 
2/3/S 68 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 475.0 272 2.1E+05 1 550 
2/4/N 69 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 250.0 272 2.1E+05 1 550 
2/4/S 70 6 130 175 2 10 25 2 16 22 57.0 4.2E+04 444 2.1E+05 130.0 5.0 475.0 272 2.1E+05 1 550 
5/1/N 71 6 130 175 2 10 25 2 16 22 59.0 4.2E+04 444 2.1E+05 130.0 5.0 150.0 272 2.1E+05 1 550 
5/1/S 72 6 130 175 2 10 25 2 16 22 59.0 4.2E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 550 
6/1/- 73 6 130 175 2 10 25 2 16 22 63.0 4.4E+04 444 2.1E+05 130.0 5.0 300.0 272 2.1E+05 1 925 
6/2/- 74 6 130 175 2 10 25 2 16 22 63.0 4.4E+04 444 2.1E+05 130.0 5.0 300.0 272 2.1E+05 1 925 
6/3/- 75 6 130 175 2 10 25 2 16 22 63.0 4.4E+04 444 2.1E+05 130.0 5.0 300.0 272 2.1E+05 1 1125 
6/4/- 76 6 130 175 2 10 25 2 16 22 63.0 4.4E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 1225 
7/1/N 77 6 130 175 2 10 25 2 16 22 59.0 4.2E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 1400 
7/1/S 78 6 130 175 2 10 25 2 16 22 59.0 4.2E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 1400 
8/1/N 79 6 130 175 2 10 25 2 16 22 47.0 3.8E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 1700 
8/1/S 80 6 130 175 2 10 25 2 16 22 47.0 3.8E+04 444 2.1E+05 130.0 5.0 400.0 272 2.1E+05 1 1700 
1/1/N* 81 6 130 175 2 10 25 2 16 22 52.5 4.0E+04 444 2.1E+05 130.0 5.0 549.0 272 2.1E+05 1 550 
7/2/* 82 6 130 175 2 10 25 2 16 22 59.0 4.2E+04 444 2.1E+05 130.0 5.0 999.0 272 2.1E+05 1 1000 
8/2/* 83 6 130 175 2 10 25 2 16 22 47.0 3.8E+04 444 2.1E+05 130.0 5.0 774.0 272 2.1E+05 1 775 
PB4 84 4 150 300 2 8 37 2 10 33 53.0 4.0E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
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PB410 85 4 150 300 2 8 37 2 10 33 58.5 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB420 86 4 150 300 2 8 37 2 10 33 57.6 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB5 87 4 150 300 2 8 37 2 10 43 54.8 4.1E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P510 88 4 150 300 2 8 37 2 10 43 55.4 4.1E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB510A 89 4 150 300 2 8 37 2 10 43 57.9 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB520 90 4 150 300 2 8 37 2 10 43 57.9 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB520A 91 4 150 300 2 8 37 2 10 43 62.2 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB6 92 4 150 300 2 8 37 2 10 58 56.4 4.1E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB610 93 4 150 300 2 8 37 2 10 58 57.2 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB620 94 4 150 300 2 8 37 2 10 58 58.5 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB620A 95 4 150 300 2 8 37 2 10 58 56.1 4.1E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB7 96 4 150 300 2 8 37 2 10 33 57.6 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB710 97 4 150 300 2 8 37 2 10 33 59.4 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB720 98 4 150 300 2 8 37 2 10 33 58.8 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB8 99 4 150 300 2 8 37 2 10 43 58.4 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB810 100 4 150 300 2 8 37 2 10 43 60.6 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB820 101 4 150 300 2 8 37 2 10 43 64.3 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB9 102 4 150 300 2 8 37 2 10 58 64.7 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB910 103 4 150 300 2 8 37 2 10 58 62.4 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
PB920 104 4 150 300 2 8 37 2 10 58 65.8 4.5E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P16 105 4 150 300 2 8 37 4 10 33 67.0 4.5E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P17 106 4 150 300 2 8 37 4 10 43 63.2 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P18 107 4 150 300 2 8 37 4 10 58 62.4 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P22 108 4 150 300 2 8 37 2 10 43 60.9 4.3E+04 563 2.0E+05 150.0 5.0 475.0 337 2.0E+05 1 625 
P23 109 4 150 300 2 8 37 2 10 43 57.6 4.2E+04 563 2.0E+05 150.0 5.0 850.0 337 2.0E+05 1 1000 
P24 110 4 150 300 2 8 37 2 16 43 53.4 4.0E+04 491 2.0E+05 150.0 5.0 475.0 337 2.0E+05 1 625 
P25 111 4 150 300 2 8 37 2 16 43 60.0 4.3E+04 491 2.0E+05 150.0 5.0 475.0 337 2.0E+05 1 1000 
PB110 112 4 150 300 2 8 37 2 10 33 59.1 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
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F1-15-12 113 1 150 150 2 6 34 2 10 32 51.5 3.9E+04 414 2.0E+05 100.0 1.0 250.0 276 2.0E+05 2 400 
F2-15-12 114 1 150 150 2 6 34 2 10 32 61.4 4.3E+04 414 2.0E+05 100.0 2.0 250.0 276 2.0E+05 2 400 
F3-15-12 115 1 150 150 2 6 34 2 10 32 51.5 3.9E+04 414 2.0E+05 100.0 3.0 250.0 276 2.0E+05 2 400 
F1-5-12 116 1 150 150 2 6 34 2 10 32 58.8 4.2E+04 414 2.0E+05 100.0 1.0 350.0 276 2.0E+05 2 400 
F2-5-12 117 1 150 150 2 6 34 2 10 32 51.5 3.9E+04 414 2.0E+05 100.0 2.0 350.0 276 2.0E+05 2 400 
F3-5-12 118 1 150 150 2 6 34 2 10 32 54.5 4.1E+04 414 2.0E+05 100.0 3.0 350.0 276 2.0E+05 2 400 
F1-15-6 119 1 150 150 2 6 34 2 10 32 62.6 4.4E+04 414 2.0E+05 100.0 1.0 250.0 276 2.0E+05 2 400 
F2-15-6 120 1 150 150 2 6 34 2 10 32 59.6 4.2E+04 414 2.0E+05 100.0 2.0 250.0 276 2.0E+05 2 400 
F3-15-6 121 1 150 150 2 6 34 2 10 32 59.6 4.2E+04 414 2.0E+05 100.0 3.0 250.0 276 2.0E+05 2 400 
F1-5-6 122 1 150 150 2 6 34 2 10 32 62.6 4.4E+04 414 2.0E+05 100.0 1.0 350.0 276 2.0E+05 2 400 
F2-5-6 123 1 150 150 2 6 34 2 10 32 58.9 4.2E+04 414 2.0E+05 100.0 2.0 350.0 276 2.0E+05 2 400 
F3-5-6 124 1 150 150 2 6 34 2 10 32 59.7 4.2E+04 414 2.0E+05 100.0 3.0 350.0 276 2.0E+05 2 400 
F1-15-3 125 1 150 150 2 6 34 2 10 32 56.3 4.1E+04 414 2.0E+05 100.0 1.0 250.0 276 2.0E+05 2 400 
F2-15-3 126 1 150 150 2 6 34 2 10 32 59.6 4.2E+04 414 2.0E+05 100.0 2.0 250.0 276 2.0E+05 2 400 
F3-15-3 127 1 150 150 2 6 34 2 10 32 62.3 4.3E+04 414 2.0E+05 100.0 3.0 250.0 276 2.0E+05 2 400 
F1-5-3 128 1 150 150 2 6 34 2 10 32 62.3 4.3E+04 414 2.0E+05 100.0 1.0 350.0 276 2.0E+05 2 400 
F2-5-3 129 1 150 150 2 6 34 2 10 32 52.5 4.0E+04 414 2.0E+05 100.0 2.0 350.0 276 2.0E+05 2 400 
F3-5-3 130 1 150 150 2 6 34 2 10 32 52.5 4.0E+04 414 2.0E+05 100.0 3.0 350.0 276 2.0E+05 2 400 
S1-10-20 131 1 150 150 2 6 34 3 12 31 56.7 4.1E+04 414 2.0E+05 100.0 1.0 300.0 276 2.0E+05 2 400 
S3-15-20 132 1 150 150 2 6 34 3 12 31 59.3 4.2E+04 414 2.0E+05 100.0 3.0 250 276 2.0E+05 2 400 
S1-15-12 133 1 150 150 2 6 34 3 12 31 49.4 3.9E+04 414 2.0E+05 100.0 1.0 250 276 2.0E+05 2 400 
S1-10-12 134 1 150 150 2 6 34 3 12 31 49.4 3.9E+04 414 2.0E+05 100.0 1.0 300 276 2.0E+05 2 400 
S2-5-12 135 1 150 150 2 6 34 3 12 31 49.4 3.9E+04 414 2.0E+05 100.0 2.0 350 276 2.0E+05 2 400 
14 136 5 150 250 2 6 33 2 12 30 46.1 3.7E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
15 137 5 150 250 2 6 33 2 12 30 46.6 3.8E+04 354 2.0E+05 150.0 1.1 344.9 182 2.1E+05 1 1000 
16 138 5 150 250 2 6 33 2 12 30 46.6 3.8E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
17 139 5 150 250 2 6 33 2 12 30 47.3 3.8E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
18 140 5 150 250 2 6 33 2 12 30 48.2 3.8E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
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19 141 5 150 250 2 6 33 2 12 30 47.0 3.8E+04 354 2.0E+05 47.0 2.0 340.3 276 2.1E+05 1 1000 
F12 142 10 155.0 255 2 6 25 3 20 25 55.1 4.1E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
F13 143 10 155.0 255 2 6 25 3 20 25 53.1 4.0E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
F14 144 10 155.0 255 2 6 25 3 20 25 52.2 4.0E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
F22 145 10 155.0 255 2 6 25 3 20 25 52.1 4.0E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
F23 146 10 155.0 255 2 6 25 3 20 25 52.4 4.0E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
F24 147 10 155.0 255 2 6 25 3 20 25 52.1 4.0E+04 430 2.0E+05 125.0 1.5 717.0 245 2.0E+05 1 767 
BCRP10 148 8 150.0 250 2 6 25 2 20 25 38.8 3.4E+04 500 2.0E+05 125.0 3.0 717.0 250 1.8E+05 1 767 
BCRP12 149 8 150.0 250 2 6 25 2 20 25 38.2 3.4E+04 500 2.0E+05 125.0 1.5 717.0 235 1.8E+05 1 767 
P7 150 4 150.0 300 2 8 37 2 10 33 56.8 4.1E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P8 151 4 150 300 2 8 37 2 10 43 61.2 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P9 152 4 150 300 2 8 37 2 10 58 64.4 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
3 153 5 150 250 2 6 33 2 12 30 42.7 3.6E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
4 154 5 150 250 2 6 33 2 12 30 48.9 3.8E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
5 155 5 150 250 2 6 33 2 12 30 45.2 3.7E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
6 156 5 150 250 2 6 33 2 12 30 41.2 3.5E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
7 157 5 150 250 2 6 33 2 12 30 45.3 3.7E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
8 158 5 150 250 2 6 33 2 12 30 44.7 3.7E+04 354 2.0E+05 85.0 3.6 259.7 247 2.2E+05 1 1000 
10 159 5 150 250 2 6 33 2 12 30 48.3 3.8E+04 354 2.0E+05 150.0 1.1 344.9 182 2.1E+05 1 1000 
11 160 5 150 250 2 6 33 2 12 30 50.0 3.9E+04 354 2.0E+05 123.0 2.1 245.2 276 2.1E+05 1 1000 
13 161 5 150 250 2 6 33 2 12 30 46.4 3.7E+04 354 2.0E+05 57.0 4.8 314.6 247 2.2E+05 1 1000 
3b 162 3 100 150 2 6 33 2 12 20 38.0 3.4E+04 250 2.0E+05 80.0 6.0 380.0 250 2.0E+05 1 455 
4a 163 3 100 150 0 0 20 2 8 20 32.5 3.1E+04 250 2.0E+05 80.0 6.0 380.0 250 2.0E+05 1 455 
P1 164 4 150 300 2 8 25 2 10 25 57.2 4.2E+04 488 2.0E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P2 165 4 150 300 2 8 37 2 10 35 56.3 4.1E+04 488 2.0E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P2A 166 4 150 300 2 8 37 2 10 35 64.7 4.4E+04 488 2.0E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P3A 167 4 150 300 2 8 37 2 10 50 59.3 4.2E+04 488 2.0E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P10 168 4 150 300 2 8 37 3 10 25 61.4 4.3E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
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Table B.1 Steel plated beams database 
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Concrete Section Steel Bars Steel plate 
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Compression Bars in tension fcu       
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Ec        
(MPa) 
fy         
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Es          
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bp         
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(mm) 
h'    
(mm)  
P11 169 4 150 300 2 8 37 3 10 35 63.8 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P12 170 4 150 300 2 8 37 3 10 50 63.2 4.4E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P14 171 4 150 300 2 8 37 4 10 35 67.2 4.5E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P19 172 4 150 300 2 8 37 6 10 25 58.7 4.2E+04 488 1.9E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
P21 173 4 150 300 2 8 37 6 10 50 60.6 4.3E+04 563 2.0E+05 150.0 5.0 700.0 337 2.0E+05 1 850 
URB5 174 9 100 150 0 0 15 2 10 15 67.4 3.6E+04 530 2.0E+05 80.0 10.0 700.0 240 2.0E+05 1 850 
B1 175 9 150 150 0 0 25 2 10 25 47.1 2.7E+04 414 2.0E+05 100.0 3.0 350.0 276 2.0E+05 1 850 
C11 176 9 100 150 0 0 21 2 8 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 200.0 175 2.0E+05 1 850 
C12 177 9 100 150 0 0 21 2 8 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 315.0 175 2.0E+05 1 850 
MF1 178 9 150 150 0 0 24 2 12 24 49.9 2.8E+04 414 2.0E+05 100.0 3.0 350.0 264 2.0E+05 1 850 
FRB5 179 9 150 150 0 0 25 2 10 25 47.1 2.7E+04 414 2.0E+05 100.0 2.0 350.0 276 2.0E+05 1 850 
URB4 180 9 100 150 0 0 15 2 10 15 67.4 3.6E+04 530 2.0E+05 80.0 5.0 700.0 217.5 2.0E+05 1 850 
F31 181 2 155 255 0 0 25 3 20 25 57.9 3.2E+04 432 2.0E+05 125.0 6.0 717.0 291 2.0E+05 1 850 
205 182 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 6.0 717.0 248 2.0E+05 1 850 
209 183 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 6.0 717.0 248 2.0E+05 1 850 
218 184 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 6.0 717.0 248 2.0E+05 1 850 
204 185 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 3.0 717.0 258 2.0E+05 1 850 
208 186 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 3.0 717.0 258 2.0E+05 1 850 
217 187 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 3.0 717.0 258 2.0E+05 1 850 
203 188 2 155 255 0 0 25 3 20 25 72.3 3.6E+04 470 2.0E+05 125.0 1.5 717.0 236 2.0E+05 1 850 
C3 189 2 100 150 0 0 21 2 8 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 500.0 175 2.0E+05 1 850 
C5 190 2 100 150 0 0 21 2 8 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 500.0 175 2.0E+05 1 850 
C7 191 2 100 150 0 0 21 2 25 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 500.0 175 2.0E+05 1 550 
C16 192 2 100 150 0 0 21 2 25 21 93.0 4.0E+04 490 2.0E+05 80.0 1.6 500.0 175 2.0E+05 1 550 
FRB2 193 9 150 150 0 0 25 2 30 25 47.1 2.7E+04 414 2.0E+05 100.0 1.0 350.0 276 2.0E+05 1 400 
URB2 194 9 100 150 0 0 15 2 20 15 67.4 3.6E+04 530 1.9E+05 80.0 1.5 700.0 216.6 1.9E+05 1 750 
B10 195 2 150 150 0 0 25 2 30 25 47.1 2.7E+04 414 2.0E+05 100.0 1.5 350.0 276 2.0E+05 1 400 
URB3 196 9 100 150 0 0 15 2 20 15 104.0 4.4E+04 530 2.0E+05 80.0 3.0 700.0 263 2.0E+05 1 750 
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Table B.1 Steel plated beams database 
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F11 197 2 155 255 0 0 25 3 35 25 56.6 3.2E+04 430 2.0E+05 125.0 1.5 717.0 240 2.0E+05 1 767 
207 198 2 155 255 0 0 25 3 35 25 72.3 3.6E+04 470 2.0E+05 125.0 1.5 717.0 236 2.0E+05 1 767 
216 199 2 155 255 0 0 25 3 35 25 72.3 3.6E+04 470 2.0E+05 125.0 1.5 717.0 236 2.0E+05 1 767 
O 200 9 152 305 2 10 47.6 2 54 47.6 53.7 2.6E+04 414 2.0E+05 153.0 2.6 711.0 206.9 2.0E+05 1 915 
P 201 9 152 305 2 10 47.6 2 54 47.6 53.7 2.6E+04 414 2.0E+05 150.0 2.5 914.0 206.9 2.0E+05 1 915 
FRB6 202 9 150 150 6 6 39 2 10 36 38.8 3.4E+04 414 2.0E+05 100.0 2.0 350.0 269 2.0E+05 1 400 
FRB8 203 9 150 150 6 6 39 2 10 36 38.8 3.4E+04 414 2.0E+05 100.0 3.0 350.0 269 2.0E+05 1 400 
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APPENDIX C: PEELING AND EXPERIMENTAL FAILURE 
MOMENTS FOR FRP PLATED BEAMS  
Table C.1 presents the calculated peeling moments according to method I by Hassanen and 
Raoof  (2002) and method II by Heathcote and Raoof (2003).  
 
M I,R = Peeling moments calculated according to method I, rectangular stress assumption 
for compressive concrete 
M I,P= Peeling moment calculated according to method I, parabolic stress assumption for 
compressive concrete 
M II,R= Peeling moments calculated according to method II, rectangular stress assumption 
for compressive concrete 
M II,P= Peeling moment calculated according to method II, parabolic stress assumption for 
compressive concrete 
M RC,exp= Experimental reported failure moment for correspondent un-plated beam, where 
available 
M exp= Experimental reported failure moment for plated beam 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
A2 1 11.32 10.88 12.64 12.14 15.14 16.46 1.45 1.51 1.30 1.36 1.09 
A3 2 7.23 6.89 8.60 8.18 18.48 17.60 2.43 2.55 2.05 2.15 0.95 
A5 3 11.32 10.88 12.64 12.14 15.14 19.67 1.74 1.81 1.56 1.62 1.30 
A7 4 11.32 10.88 12.64 12.14 15.14 18.17 1.60 1.67 1.44 1.50 1.20 
A8 5 9.64 9.28 11.05 10.64 14.56 12.23 1.27 1.32 1.11 1.15 0.84 
B2 6 14.19 13.56 15.29 14.63 17.47 19.19 1.35 1.41 1.26 1.31 1.10 
B3 7 8.28 7.85 9.56 9.05 20.32 18.80 2.27 2.39 1.97 2.08 0.93 
B5 8 14.19 13.56 15.29 14.63 17.47 20.24 1.43 1.49 1.32 1.38 1.16 
B7 9 14.19 13.56 15.29 14.63 17.47 21.10 1.49 1.56 1.38 1.44 1.21 
B11 10 148.05 144.27 251.02 250.56 987.36 1221.12 8.25 8.46 4.86 4.87 1.24 
B12 11 148.05 144.27 251.02 250.56 987.36 1239.60 8.37 8.59 4.94 4.95 1.26 
B21 12 48.47 46.90 61.54 59.34 127.20 164.64 3.40 3.51 2.68 2.77 1.29 
B22 13 48.47 46.90 61.54 59.34 127.20 163.50 3.37 3.49 2.66 2.76 1.29 
B31 14 10.02 9.64 11.60 11.13 15.39 19.26 1.92 2.00 1.66 1.73 1.25 
B32 15 10.02 9.64 11.60 11.13 15.39 19.29 1.92 2.00 1.66 1.73 1.25 
C1-1 16 75.07 71.44 82.26 78.43 67.50 80.55 1.07 1.13 0.98 1.03 1.19 
C1-2 17 75.07 71.44 82.26 78.43 130.07 132.75 1.77 1.86 1.61 1.69 1.02 
C2-2 18 81.22 77.13 87.72 83.37 130.07 115.05 1.42 1.49 1.31 1.38 0.88 
G-2 19 40.77 38.83 47.10 45.76 130.07 140.03 3.43 3.61 2.97 3.06 1.08 
C3-1 20 49.43 47.15 56.76 55.30 67.50 87.50 1.77 1.86 1.54 1.58 1.30 
C3-2 21 49.43 47.15 56.76 55.30 130.07 130.00 2.63 2.76 2.29 2.35 1.00 
B2 22 19.41 18.94 22.79 22.20 10.41 20.01 1.03 1.06 0.88 0.90 1.92 
B3 23 25.12 24.98 28.35 28.13 10.41 20.94 0.83 0.84 0.74 0.74 2.01 
B4 24 30.63 30.52 33.88 33.72 10.41 19.48 0.64 0.64 0.57 0.58 1.87 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
B1,2,3s 25 44.51 45.32 52.12 52.37 38.40 55.68 1.25 1.23 1.07 1.06 1.45 
B2-12D-1L15 26 13.91 13.40 16.54 15.89 14.84 18.44 1.33 1.38 1.11 1.16 1.24 
B3-12D-2L15 27 8.26 7.96 10.89 10.51 14.84 21.28 2.58 2.67 1.95 2.02 1.43 
B4-12D-3L15 28 6.33 6.10 8.91 8.68 14.84 22.33 3.53 3.66 2.51 2.57 1.51 
B6-16D-1L10 29 25.14 24.47 27.25 26.54 22.78 25.48 1.01 1.04 0.94 0.96 1.12 
B7-16D-1L15 30 18.66 17.78 20.87 19.86 22.78 28.48 1.53 1.60 1.36 1.43 1.25 
B8-16D-2L15 31 10.58 10.10 12.90 12.33 22.78 31.77 3.00 3.15 2.46 2.58 1.39 
B10-20D-1L10 32 30.92 30.17 32.70 31.96 28.93 31.90 1.03 1.06 0.98 1.00 1.10 
B11-20D-1L15 33 23.26 21.96 25.19 23.75 28.93 32.67 1.40 1.49 1.30 1.38 1.13 
B12-20D-2L15 34 12.95 12.24 15.06 14.27 28.93 34.02 2.63 2.78 2.26 2.38 1.18 
CS-A 35 8.48 8.11 12.36 12.64 - 12.53 1.48 1.54 1.01 0.99 - 
CS-L1-A 36 11.61 11.18 16.22 15.80 - 16.95 1.46 1.52 1.04 1.07 - 
CS-L3-A 37 8.13 7.73 11.89 13.50 - 13.53 1.66 1.75 1.14 1.00 - 
CS-W50-A 38 39.95 38.73 44.86 43.48 - 13.75 0.34 0.36 0.31 0.32 - 
CS-W100-A 39 18.87 18.08 23.57 22.76 - 13.30 0.70 0.74 0.56 0.58 - 
CP-A 40 12.42 12.00 17.21 16.70 - 11.35 0.91 0.95 0.66 0.68 - 
GS-A 41 24.87 24.78 30.06 29.75 - 19.10 0.77 0.77 0.64 0.64 - 
CS-C10-A 42 10.20 9.81 13.95 14.09 - 18.85 1.85 1.92 1.35 1.34 - 
CS-C50-A 43 13.26 12.60 17.76 17.42 - 11.90 0.90 0.94 0.67 0.68 - 
CS-B 44 8.48 8.11 12.36 12.64 - 27.17 3.20 3.35 2.20 2.15 - 
CS-L1-B 45 11.61 11.18 16.22 15.80 - 24.93 2.15 2.23 1.54 1.58 - 
CS-L3-B 46 8.13 7.73 11.89 13.50 - 26.17 3.22 3.39 2.20 1.94 - 
CS-W50-B 47 39.95 38.73 44.86 43.48 - 23.77 0.59 0.61 0.53 0.55 - 
CS-W100-B 48 18.87 18.08 23.57 22.76 - 26.93 1.43 1.49 1.14 1.18 - 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
CP-B 49 12.42 12.00 17.21 16.70 - 25.33 2.04 2.11 1.47 1.52 - 
GS-B 50 24.87 24.78 30.06 29.75 - 27.33 1.10 1.10 0.91 0.92 - 
CS-C10-B 51 10.20 9.81 13.95 14.09 - 33.13 3.25 3.38 2.38 2.35 - 
CS-C50-B 52 13.26 12.60 17.76 17.42 - 27.63 2.08 2.19 1.56 1.59 - 
CS-NS-B 53 9.75 9.34 14.14 14.20 - 19.33 1.98 2.07 1.37 1.36 - 
A2 54 7.04 7.16 7.57 7.73 3.60 6.94 0.98 0.97 0.92 0.90 1.93 
A3 55 7.04 7.16 7.57 7.73 3.60 7.20 1.02 1.01 0.95 0.93 2.00 
B2 56 7.72 7.95 8.19 8.47 7.61 9.68 1.25 1.22 1.18 1.14 1.27 
B3 57 7.72 7.95 8.19 8.47 7.61 9.68 1.25 1.22 1.18 1.14 1.27 
C3 58 8.79 8.65 9.78 9.64 4.43 6.71 0.76 0.78 0.69 0.70 1.52 
C4 59 8.79 8.65 9.78 9.64 4.43 6.04 0.69 0.70 0.62 0.63 1.36 
D2 60 8.79 8.65 9.78 9.64 8.14 11.58 1.32 1.34 1.18 1.20 1.42 
D3 61 8.79 8.65 9.78 9.64 8.14 11.03 1.26 1.27 1.13 1.14 1.35 
A1-I 62 5.43 5.67 6.07 6.16 3.56 4.60 0.85 0.81 0.76 0.75 1.29 
A1-II 63 7.78 8.28 8.40 8.72 4.34 6.63 0.85 0.80 0.79 0.76 1.53 
A2-I 64 7.46 7.51 8.01 7.99 3.56 5.18 0.69 0.69 0.65 0.65 1.45 
A2-II 65 9.48 9.72 10.04 10.17 4.34 7.34 0.77 0.76 0.73 0.72 1.69 
A3-I 66 8.15 8.18 8.81 8.82 3.56 6.44 0.79 0.79 0.73 0.73 1.81 
A3-II 67 10.14 10.49 10.79 11.04 4.34 7.92 0.78 0.75 0.73 0.72 1.83 
A4-I 68 7.90 7.94 8.56 8.57 3.56 6.07 0.77 0.77 0.71 0.71 1.70 
A4-II 69 9.11 9.42 9.78 10.04 4.34 8.66 0.95 0.92 0.89 0.86 2.00 
A5-I 70 6.90 7.04 7.60 7.69 3.56 5.81 0.84 0.82 0.76 0.76 1.63 
A5-II 71 8.26 8.79 8.95 9.42 4.34 8.07 0.98 0.92 0.90 0.86 1.86 
A6-I 72 7.77 7.69 8.37 8.27 3.56 5.74 0.74 0.75 0.69 0.69 1.61 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
2 73 3.33 3.38 4.18 4.18 1.96 3.01 0.90 0.89 0.72 0.72 1.53 
3 74 3.94 3.95 4.77 4.74 1.96 3.95 1.00 1.00 0.83 0.83 2.01 
4 75 3.86 3.73 4.63 4.46 1.96 6.76 1.75 1.81 1.46 1.52 3.44 
5 76 3.86 3.73 4.63 4.46 1.96 6.98 1.81 1.87 1.51 1.56 3.55 
6 77 3.43 3.30 4.19 4.04 1.96 6.38 1.86 1.93 1.52 1.58 3.25 
7 78 3.43 3.30 4.19 4.04 1.96 5.85 1.70 1.77 1.40 1.45 2.98 
8 79 2.83 2.70 3.54 3.43 1.96 8.54 3.01 3.16 2.41 2.49 4.35 
F1 80 62.32 64.17 71.93 72.77 74.55 79.45 1.27 1.24 1.10 1.09 1.07 
F2 81 63.19 62.22 73.58 71.93 74.55 85.40 1.35 1.37 1.16 1.19 1.15 
F3 82 59.99 57.39 69.55 66.35 74.55 94.50 1.58 1.65 1.36 1.42 1.27 
F4 83 66.41 70.71 78.68 81.59 74.55 88.90 1.34 1.26 1.13 1.09 1.19 
F5 84 65.88 65.83 77.99 77.19 74.55 97.30 1.48 1.48 1.25 1.26 1.31 
F6 85 64.42 62.14 76.10 73.14 74.55 108.85 1.69 1.75 1.43 1.49 1.46 
F7 86 66.37 70.62 78.60 81.48 74.55 87.15 1.31 1.23 1.11 1.07 1.17 
F8 87 63.25 62.30 73.67 72.04 74.55 101.85 1.61 1.63 1.38 1.41 1.37 
F9 88 63.58 61.14 74.75 71.63 74.55 115.50 1.82 1.89 1.55 1.61 1.55 
1A 89 9.35 8.96 13.83 14.12 - 19.90 2.13 2.22 1.44 1.41 - 
1B 90 9.74 9.33 14.24 14.46 - 33.40 3.43 3.58 2.35 2.31 - 
2A 91 5.79 5.57 10.99 12.80 - 16.00 2.76 2.87 1.46 1.25 - 
2B 92 11.91 11.45 17.63 17.56 - 28.80 2.42 2.52 1.63 1.64 - 
3A 93 11.48 11.03 16.94 16.95 - 26.60 2.32 2.41 1.57 1.57 - 
3B 94 11.48 11.03 16.94 16.95 - 32.70 2.85 2.97 1.93 1.93 - 
4A 95 11.68 11.23 17.09 16.97 - 34.40 2.95 3.06 2.01 2.03 - 
4B 96 11.68 11.23 17.09 16.97 - 29.70 2.54 2.65 1.74 1.75 - 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
5A 97 10.80 10.38 15.65 15.51 - 33.40 3.09 3.22 2.13 2.15 - 
5B 98 10.80 10.38 15.65 15.51 - 31.20 2.89 3.01 1.99 2.01 - 
6A 99 10.98 11.23 13.21 12.54 - 11.50 1.05 1.02 0.87 0.92 - 
6B 100 11.24 10.79 16.43 16.40 - 30.10 2.68 2.79 1.83 1.84 - 
BBB1 101 25.34 25.56 28.65 28.61 15.11 20.18 0.80 0.79 0.70 0.71 1.33 
BBB2 102 25.34 25.56 28.65 28.61 15.11 19.68 0.78 0.77 0.69 0.69 1.30 
BBB3 103 25.34 25.56 28.65 28.61 15.11 21.98 0.87 0.86 0.77 0.77 1.45 
BBB4 104 25.33 25.30 28.59 28.42 15.11 21.60 0.85 0.85 0.76 0.76 1.43 
BBB5 105 25.33 25.30 28.59 28.42 15.11 23.30 0.92 0.92 0.82 0.82 1.54 
BBB6 106 25.33 25.30 28.59 28.42 15.11 24.20 0.96 0.96 0.85 0.85 1.60 
A3 107 17.44 17.27 18.66 18.45 15.10 19.38 1.11 1.12 1.04 1.05 1.28 
A4 108 17.44 17.27 18.66 18.45 15.10 18.88 1.08 1.09 1.01 1.02 1.25 
A5 109 14.93 14.33 16.14 15.49 15.10 21.85 1.46 1.52 1.35 1.41 1.45 
A6 110 14.93 14.33 16.14 15.49 15.10 21.45 1.44 1.50 1.33 1.38 1.42 
B3 111 93.77 90.10 104.00 99.71 101.95 131.75 1.41 1.46 1.27 1.32 1.29 
B4 112 93.77 90.10 104.00 99.71 101.95 130.15 1.39 1.44 1.25 1.31 1.28 
B5 113 53.22 51.20 63.73 61.31 101.95 147.35 2.77 2.88 2.31 2.40 1.45 
B6 114 53.22 51.20 63.73 61.31 101.95 142.15 2.67 2.78 2.23 2.32 1.39 
C3 115 367.33 352.84 410.20 393.14 416.00 522.32 1.42 1.48 1.27 1.33 1.26 
C4 116 367.33 352.84 410.20 393.14 416.00 535.44 1.46 1.52 1.31 1.36 1.29 
C5 117 208.76 200.85 252.57 243.04 416.00 520.08 2.49 2.59 2.06 2.14 1.25 
FG1 118 19.59 19.54 22.96 22.70 16.33 32.56 1.66 1.67 1.42 1.43 1.99 
FG2 119 17.96 17.21 21.15 20.21 16.33 38.11 2.12 2.21 1.80 1.89 2.33 
FG4 120 11.53 11.03 14.71 14.11 16.33 48.98 4.25 4.44 3.33 3.47 3.00 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
O
rig
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al
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
FC1 121 18.51 17.73 21.69 20.73 16.33 37.88 2.05 2.14 1.75 1.83 2.32 
FC2 122 11.82 11.31 15.01 14.39 16.33 47.68 4.04 4.22 3.18 3.31 2.92 
A0 123 25.74 26.14 29.11 29.15 15.11 20.18 0.78 0.77 0.69 0.69 1.33 
A10 124 25.74 26.14 29.11 29.15 15.11 19.68 0.76 0.75 0.68 0.68 1.30 
A20 125 25.74 26.14 29.11 29.15 15.11 21.98 0.85 0.84 0.75 0.75 1.45 
B0 126 25.61 25.64 28.94 28.82 15.11 21.60 0.84 0.84 0.75 0.75 1.43 
B10 127 25.61 25.64 28.94 28.82 15.11 23.30 0.91 0.91 0.81 0.81 1.54 
B20 128 25.61 25.64 28.94 28.82 15.11 24.20 0.94 0.94 0.84 0.84 1.60 
AF-1 129 64.45 72.26 81.71 86.60 57.08 71.17 1.10 0.98 0.87 0.82 1.25 
AF-2 130 64.45 72.26 81.71 86.60 57.08 70.96 1.10 0.98 0.87 0.82 1.24 
AF-3 131 64.45 72.26 81.71 86.60 57.08 70.00 1.09 0.97 0.86 0.81 1.23 
2 132 15.70 15.51 16.85 16.64 14.75 18.00 1.15 1.16 1.07 1.08 1.22 
3 133 13.15 12.60 14.31 13.71 14.75 21.50 1.64 1.71 1.50 1.57 1.46 
4 134 9.69 9.26 10.92 10.43 14.75 20.50 2.12 2.21 1.88 1.97 1.39 
5 135 7.89 7.54 9.13 8.74 14.75 19.75 2.50 2.62 2.16 2.26 1.34 
B4 136 110.17 106.98 127.49 123.40 - 137.75 1.25 1.29 1.08 1.12 - 
B5 137 87.91 87.78 102.53 101.49 - 102.95 1.17 1.17 1.00 1.01 - 
B6 138 88.16 87.94 102.79 101.66 - 108.03 1.23 1.23 1.05 1.06 - 
B2 139 19.41 18.94 22.79 22.20 10.41 20.01 1.03 1.06 0.88 0.90 1.92 
B3 140 25.12 24.98 28.35 28.13 10.41 20.94 0.83 0.84 0.74 0.74 2.01 
B4 141 30.63 30.52 33.88 33.72 10.41 19.48 0.64 0.64 0.57 0.58 1.87 
RB1 142 4.97 4.70 5.93 5.67 6.80 12.03 2.42 2.56 2.03 2.12 1.77 
RB2 143 4.97 4.70 5.93 5.67 6.80 11.30 2.27 2.40 1.90 1.99 1.66 
RB3 144 4.97 4.70 5.93 5.67 6.80 9.63 1.94 2.05 1.62 1.70 1.42 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
RB4 145 4.97 4.70 5.93 5.67 6.80 9.23 1.86 1.96 1.56 1.63 1.36 
RB6 146 6.88 6.55 8.27 7.93 6.80 11.21 1.63 1.71 1.36 1.41 1.65 
B2 147 685.84 684.75 753.80 751.58 387.50 558.75 0.81 0.82 0.74 0.74 1.44 
B3 148 685.87 684.77 753.83 751.61 387.50 525.00 0.77 0.77 0.70 0.70 1.35 
B6 149 718.59 730.64 820.43 822.72 405.00 596.25 0.83 0.82 0.73 0.72 1.47 
B7 150 719.19 731.22 821.04 823.33 405.00 602.50 0.84 0.82 0.73 0.73 1.49 
E24-1P 151 10.62 10.60 11.81 11.73 10.39 14.60 1.38 1.38 1.24 1.24 1.41 
E24-2P 152 10.62 10.29 11.81 11.45 10.39 17.84 1.68 1.73 1.51 1.56 1.72 
E65-1P 153 10.66 10.16 11.87 11.33 10.39 14.80 1.39 1.46 1.25 1.31 1.42 
E65-2P 154 7.42 7.02 8.64 8.24 10.39 18.91 2.55 2.70 2.19 2.30 1.82 
C.1 155 17.57 18.35 18.38 19.27 9.52 19.06 1.09 1.04 1.04 0.99 2.00 
C.2 156 17.99 18.68 18.85 19.64 9.52 21.59 1.20 1.16 1.15 1.10 2.27 
F3 157 32.00 30.86 39.12 37.84 40.38 66.54 2.08 2.16 1.70 1.76 1.65 
F4 158 32.00 30.86 39.12 37.84 40.38 71.10 2.22 2.30 1.82 1.88 1.76 
F5 159 32.00 30.86 39.12 37.84 40.38 60.00 1.87 1.94 1.53 1.59 1.49 
F6 160 32.00 30.86 39.12 37.84 40.38 61.80 1.93 2.00 1.58 1.63 1.53 
F7 161 32.00 30.86 39.12 37.84 40.38 58.50 1.83 1.90 1.50 1.55 1.45 
F8 162 32.00 30.86 39.12 37.84 40.38 38.40 1.20 1.24 0.98 1.01 0.95 
F9 163 32.00 30.86 39.12 37.84 40.38 37.20 1.16 1.21 0.95 0.98 0.92 
F10 164 32.00 30.86 39.12 37.84 40.38 49.20 1.54 1.59 1.26 1.30 1.22 
A 165 124.42 118.63 144.27 137.25 - 182.44 1.47 1.54 1.26 1.33 - 
B 166 142.34 136.43 163.40 156.12 - 317.28 2.23 2.33 1.94 2.03 - 
C 167 89.46 87.32 114.70 111.50 - 257.79 2.88 2.95 2.25 2.31 - 
D 168 142.34 136.43 163.40 156.12 - 269.69 1.89 1.98 1.65 1.73 - 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
A1 169 72.00 76.39 87.35 89.49 69.65 63.74 0.89 0.83 0.73 0.71 0.92 
A2 170 72.00 76.39 87.35 89.49 69.65 67.04 0.93 0.88 0.77 0.75 0.96 
A3 171 72.00 76.39 87.35 89.49 69.65 73.64 1.02 0.96 0.84 0.82 1.06 
A4 172 72.18 76.98 88.14 90.61 69.65 68.69 0.95 0.89 0.78 0.76 0.99 
B1 173 79.76 83.66 95.37 97.36 69.65 70.61 0.89 0.84 0.74 0.73 1.01 
B2 174 70.48 75.30 86.43 89.13 69.65 75.56 1.07 1.00 0.87 0.85 1.08 
B4 175 70.00 74.27 85.12 87.37 69.65 70.61 1.01 0.95 0.83 0.81 1.01 
B5 176 70.00 74.27 85.12 87.37 69.65 69.17 0.99 0.93 0.81 0.79 0.99 
C2 177 90.30 95.05 110.35 112.99 76.80 87.66 0.97 0.92 0.79 0.78 1.14 
C3 178 90.30 95.05 110.35 112.99 76.80 76.80 0.85 0.81 0.70 0.68 1.00 
C4 179 90.53 95.73 111.35 114.36 76.80 90.89 1.00 0.95 0.82 0.79 1.18 
D1 180 114.00 117.70 134.12 135.68 76.80 78.14 0.69 0.66 0.58 0.58 1.02 
D2 181 114.00 117.70 134.12 135.68 76.80 81.68 0.72 0.69 0.61 0.60 1.06 
A4 182 21.07 20.50 24.04 23.39 9.83 23.21 1.10 1.13 0.97 0.99 2.36 
A5 183 21.07 20.50 24.04 23.39 9.83 23.70 1.12 1.16 0.99 1.01 2.41 
A6 184 20.05 19.29 22.91 22.04 9.83 22.28 1.11 1.15 0.97 1.01 2.27 
A7 185 20.05 19.29 22.91 22.04 9.83 26.48 1.32 1.37 1.16 1.20 2.69 
A8 186 21.07 20.50 24.04 23.39 9.83 24.45 1.16 1.19 1.02 1.05 2.49 
A9 187 21.07 20.50 24.04 23.39 9.83 23.96 1.14 1.17 1.00 1.02 2.44 
A10 188 21.07 20.50 24.04 23.39 9.83 25.31 1.20 1.23 1.05 1.08 2.58 
A11 189 21.07 20.50 24.04 23.39 9.83 26.03 1.24 1.27 1.08 1.11 2.65 
B3 190 21.25 21.22 24.19 24.06 10.95 20.70 0.97 0.98 0.86 0.86 1.89 
B4 191 21.25 21.22 24.19 24.06 10.95 19.69 0.93 0.93 0.81 0.82 1.80 
B5 192 20.05 19.29 22.91 22.04 10.95 26.14 1.30 1.35 1.14 1.19 2.39 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
B6 193 20.05 19.29 22.91 22.04 10.95 26.10 1.30 1.35 1.14 1.18 2.38 
B7 194 21.29 21.10 24.22 23.96 10.95 22.16 1.04 1.05 0.91 0.92 2.02 
B8 195 21.29 21.10 24.22 23.96 10.95 23.10 1.09 1.09 0.95 0.96 2.11 
C3 196 32.54 32.36 35.02 34.73 21.94 28.09 0.86 0.87 0.80 0.81 1.28 
C4 197 32.54 32.36 35.02 34.73 21.94 28.95 0.89 0.89 0.83 0.83 1.32 
C5 198 26.35 25.05 28.82 27.40 21.94 38.66 1.47 1.54 1.34 1.41 1.76 
C6 199 26.35 25.05 28.82 27.40 21.94 38.03 1.44 1.52 1.32 1.39 1.73 
C7 200 32.57 32.10 35.02 34.48 21.94 32.66 1.00 1.02 0.93 0.95 1.49 
C8 201 32.57 32.10 35.02 34.48 21.94 32.51 1.00 1.01 0.93 0.94 1.48 
A-AT 202 37.11 38.57 41.75 42.71 - 91.56 2.47 2.37 2.19 2.14 - 
A-AK 203 37.19 38.36 41.79 42.50 - 88.83 2.39 2.32 2.13 2.09 - 
B-AT 204 66.42 67.42 79.56 79.72 - 172.83 2.60 2.56 2.17 2.17 - 
B-AK 205 66.27 66.42 79.31 78.70 - 168.11 2.54 2.53 2.12 2.14 - 
B-C1 206 66.04 65.41 78.96 77.65 - 164.75 2.49 2.52 2.09 2.12 - 
B-C2 207 65.91 64.97 78.78 77.17 - 69.93 1.06 1.08 0.89 0.91 - 
E1a 208 25.43 24.59 31.71 30.59 37.80 49.49 1.95 2.01 1.56 1.62 1.31 
E1b 209 25.43 24.59 31.71 30.59 37.80 52.19 2.05 2.12 1.65 1.71 1.38 
E2a 210 25.43 24.59 31.71 30.59 37.80 28.07 1.10 1.14 0.89 0.92 0.74 
E2b 211 25.43 24.59 31.71 30.59 37.80 33.95 1.33 1.38 1.07 1.11 0.90 
E3a 212 28.50 27.62 35.04 33.87 37.80 46.17 1.62 1.67 1.32 1.36 1.22 
E3b 213 28.50 27.62 35.04 33.87 37.80 45.61 1.60 1.65 1.30 1.35 1.21 
E4a 214 33.80 32.53 40.03 38.47 37.80 55.30 1.64 1.70 1.38 1.44 1.46 
E4b 215 33.80 32.53 40.03 38.47 37.80 42.84 1.27 1.32 1.07 1.11 1.13 
E5a 216 19.03 18.40 25.21 24.42 37.80 44.28 2.33 2.41 1.76 1.81 1.17 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
E5b 217 19.03 18.40 25.21 24.42 37.80 44.21 2.32 2.40 1.75 1.81 1.17 
S1a 218 42.71 42.36 48.75 48.01 37.80 51.63 1.21 1.22 1.06 1.08 1.37 
S1b 219 42.71 42.36 48.75 48.01 37.80 52.15 1.22 1.23 1.07 1.09 1.38 
S2a 220 42.71 42.36 48.75 48.01 37.80 56.28 1.32 1.33 1.15 1.17 1.49 
S2b 221 42.71 42.36 48.75 48.01 37.80 52.12 1.22 1.23 1.07 1.09 1.38 
S3a 222 34.05 34.73 40.46 40.73 37.80 42.21 1.24 1.22 1.04 1.04 1.12 
S3b 223 34.05 34.73 40.46 40.73 37.80 42.11 1.24 1.21 1.04 1.03 1.11 
A-S1 224 11.14 10.63 12.25 11.68 11.81 16.00 1.44 1.51 1.31 1.37 1.36 
A-S2 225 11.14 10.63 12.25 11.68 11.81 17.17 1.54 1.62 1.40 1.47 1.45 
A-SF 226 10.95 10.44 12.03 11.47 11.81 16.61 1.52 1.59 1.38 1.45 1.41 
B-S1 227 11.45 10.94 12.60 12.05 12.25 14.33 1.25 1.31 1.14 1.19 1.17 
B-S2 228 11.45 10.94 12.60 12.05 12.25 15.42 1.35 1.41 1.22 1.28 1.26 
B-SF 229 10.78 10.30 11.85 11.33 12.25 15.51 1.44 1.51 1.31 1.37 1.27 
A-200-P 230 26.18 25.14 28.83 27.90 44.72 52.83 2.02 2.10 1.83 1.89 1.18 
A-420-P 231 26.18 25.14 28.83 27.90 44.72 47.83 1.83 1.90 1.66 1.71 1.07 
B-200-P 232 12.95 12.47 15.51 15.51 44.72 41.23 3.18 3.31 2.66 2.66 0.92 
B-200-U 233 78.53 78.59 79.93 80.14 44.72 51.49 0.66 0.66 0.64 0.64 1.15 
B-200-L 234 78.53 78.59 79.93 80.14 44.72 58.03 0.74 0.74 0.73 0.72 1.30 
B-200-X 235 78.53 78.59 79.93 80.14 44.72 61.76 0.79 0.79 0.77 0.77 1.38 
2 236 14.89 14.76 17.20 17.01 11.96 26.40 1.77 1.79 1.53 1.55 2.21 
3 237 14.57 13.87 17.03 16.26 11.96 27.87 1.91 2.01 1.64 1.71 2.33 
4 238 14.57 13.87 17.03 16.26 11.96 26.86 1.84 1.94 1.58 1.65 2.25 
5 239 12.37 11.71 14.68 14.02 11.96 28.76 2.33 2.46 1.96 2.05 2.40 
A3.1 240 49.89 48.15 55.54 53.52 51.48 57.24 1.15 1.19 1.03 1.07 1.11 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
1U-1.0 241 4.81 4.79 5.39 5.35 2.55 5.48 1.14 1.14 1.02 1.02 2.15 
2U-1.0 242 4.81 4.79 5.39 5.35 2.23 4.80 1.00 1.00 0.89 0.90 2.15 
3U-1.0 243 4.81 4.79 5.39 5.35 2.13 5.78 1.20 1.21 1.07 1.08 2.72 
4U-1.0 244 4.81 4.79 5.39 5.35 - 6.90 1.43 1.44 1.28 1.29 - 
5U-1.0 245 4.81 4.79 5.39 5.35 - 6.92 1.44 1.44 1.28 1.29 - 
1U-2.3 246 17.75 17.11 21.48 20.64 23.24 42.38 2.39 2.48 1.97 2.05 1.82 
1U-4.5 247 31.51 30.37 35.71 34.32 21.73 45.75 1.45 1.51 1.28 1.33 2.11 
1B 248 24.36 24.08 30.38 29.95 12.20 36.61 1.50 1.52 1.21 1.22 3.00 
1C 249 24.36 24.08 30.38 29.95 12.20 32.54 1.34 1.35 1.07 1.09 2.67 
2B 250 28.68 28.48 34.48 34.08 21.34 44.74 1.56 1.57 1.30 1.31 2.10 
2C 251 28.68 28.48 34.48 34.08 21.34 32.54 1.13 1.14 0.94 0.95 1.52 
2D 252 28.68 28.48 34.48 34.08 21.34 36.61 1.28 1.29 1.06 1.07 1.72 
3B 253 34.93 34.60 40.43 39.85 28.47 49.83 1.43 1.44 1.23 1.25 1.75 
3C 254 34.93 34.60 40.43 39.85 28.47 49.42 1.41 1.43 1.22 1.24 1.74 
3D 255 34.93 34.60 40.43 39.85 28.47 49.62 1.42 1.43 1.23 1.25 1.74 
4B 256 42.60 41.85 47.75 46.73 32.54 49.19 1.15 1.18 1.03 1.05 1.51 
4C 257 42.60 41.85 47.75 46.73 32.54 47.79 1.12 1.14 1.00 1.02 1.47 
4D 258 42.60 41.85 47.75 46.73 32.54 50.84 1.19 1.21 1.06 1.09 1.56 
5B 259 51.79 50.31 56.51 54.78 52.87 67.11 1.30 1.33 1.19 1.23 1.27 
5C 260 51.79 50.31 56.51 54.78 52.87 67.11 1.30 1.33 1.19 1.23 1.27 
5D 261 51.79 50.31 56.51 54.78 52.87 66.50 1.28 1.32 1.18 1.21 1.26 
6B 262 61.90 59.52 66.12 63.57 61.01 77.28 1.25 1.30 1.17 1.22 1.27 
6C 263 61.90 59.52 66.12 63.57 61.01 69.97 1.13 1.18 1.06 1.10 1.15 
6D 264 61.90 59.52 66.12 63.57 61.01 69.97 1.13 1.18 1.06 1.10 1.15 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
O
rig
in
al
 B
ea
m
 
N
o.
 
N
ew
 B
ea
m
 N
o.
 
M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
B2 265 37.48 35.84 51.90 51.33 142.35 192.40 5.13 5.37 3.71 3.75 1.35 
B3 266 37.46 35.82 51.89 51.31 142.35 182.00 4.86 5.08 3.51 3.55 1.28 
B5 267 50.53 48.36 65.42 62.89 142.35 157.30 3.11 3.25 2.40 2.50 1.11 
B6 268 37.46 35.82 51.89 51.31 142.35 159.90 4.27 4.46 3.08 3.12 1.12 
AF.2 269 19.75 19.68 23.86 23.61 13.75 20.75 1.05 1.05 0.87 0.88 1.51 
AF.2-1 270 19.76 19.64 23.81 23.51 13.75 21.43 1.08 1.09 0.90 0.91 1.56 
AF.3 271 19.75 19.68 23.86 23.61 13.75 24.13 1.22 1.23 1.01 1.02 1.75 
AF.4 272 19.75 19.68 23.86 23.61 13.75 27.75 1.41 1.41 1.16 1.18 2.02 
DF.1 273 22.30 22.74 26.35 26.49 18.75 29.50 1.32 1.30 1.12 1.11 1.57 
DF.2 274 22.16 21.79 26.16 25.59 18.75 30.00 1.35 1.38 1.15 1.17 1.60 
DF.4 275 16.61 16.08 20.41 19.69 18.75 31.25 1.88 1.94 1.53 1.59 1.67 
A950 276 6.04 5.70 7.07 6.71 9.26 12.36 2.05 2.17 1.75 1.84 1.33 
A1100 277 6.04 5.70 7.07 6.71 9.26 12.61 2.09 2.21 1.78 1.88 1.36 
A1150 278 6.04 5.70 7.07 6.71 9.26 12.96 2.15 2.28 1.83 1.93 1.40 
A1500 279 7.25 6.87 8.52 8.11 9.26 25.96 3.58 3.78 3.05 3.20 2.80 
B1 280 8.33 8.01 9.80 9.43 9.26 10.82 1.30 1.35 1.10 1.15 1.17 
B2 281 11.63 10.78 12.62 11.74 9.26 28.62 2.46 2.66 2.27 2.44 3.09 
C5 282 13.78 13.20 14.46 13.90 9.26 15.62 1.13 1.18 1.08 1.12 1.69 
C10 283 10.53 9.98 11.34 10.74 9.26 14.96 1.42 1.50 1.32 1.39 1.62 
C20 284 4.91 4.64 5.80 5.53 9.26 13.86 2.82 2.99 2.39 2.51 1.50 
3a 285 4.16 3.97 5.19 4.97 - 8.53 2.05 2.15 1.64 1.72 - 
4b 286 3.88 3.69 4.83 4.62 - 7.39 1.91 2.00 1.53 1.60 - 
S-A 287 47.41 45.02 53.58 50.83 70.00 100.00 2.11 2.22 1.87 1.97 1.43 
S-B 288 47.41 45.02 53.58 50.83 70.00 110.04 2.32 2.44 2.05 2.17 1.57 
APPENDIX C: PEELING AND EXPERIMENTAL FAILURE MOMENTS FOR FRP PLATED BEAMS  
 
214 
 
Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
S-C 289 47.41 45.02 53.58 50.83 70.00 108.21 2.28 2.40 2.02 2.13 1.55 
S-D 290 47.36 44.99 53.55 50.80 70.00 110.16 2.33 2.45 2.06 2.17 1.57 
R-A 291 14.11 13.43 19.77 21.60 70.00 90.77 6.43 6.76 4.59 4.20 1.30 
R-B 292 14.11 13.43 19.77 21.60 70.00 94.51 6.70 7.04 4.78 4.38 1.35 
R-C 293 14.11 13.43 19.77 21.60 70.00 98.20 6.96 7.31 4.97 4.55 1.40 
R-D 294 14.11 13.43 19.77 21.60 70.00 106.99 7.58 7.97 5.41 4.95 1.53 
C-1 295 39.85 40.99 45.66 46.24 40.15 42.75 1.07 1.04 0.94 0.92 1.06 
C-2 296 23.40 22.32 28.90 27.68 40.15 55.63 2.38 2.49 1.92 2.01 1.39 
C-3 297 38.92 37.16 44.35 42.28 40.15 56.38 1.45 1.52 1.27 1.33 1.40 
H-50-1 298 39.84 41.12 45.69 46.30 40.15 48.16 1.21 1.17 1.05 1.04 1.20 
H-50-2 299 39.84 41.12 45.69 46.30 40.15 48.16 1.21 1.17 1.05 1.04 1.20 
H-75-1 300 39.89 40.80 45.69 46.09 40.15 54.87 1.38 1.34 1.20 1.19 1.37 
H-75-2 301 39.89 40.80 45.69 46.09 40.15 54.87 1.38 1.34 1.20 1.19 1.37 
S-4 302 11.19 10.65 12.76 12.17 - 22.31 1.99 2.09 1.75 1.83 - 
B7 303 34.80 33.90 42.34 41.01 - 44.55 1.28 1.31 1.05 1.09 - 
BCRP7 304 16.12 15.28 19.98 19.25 - 44.68 2.77 2.92 2.24 2.32 - 
CP 305 18.97 18.79 20.43 20.23 - 12.88 0.68 0.69 0.63 0.64 - 
SP 306 18.97 18.79 20.43 20.23 - 16.48 0.87 0.88 0.81 0.81 - 
WP 307 18.97 18.79 20.43 20.23 - 18.08 0.95 0.96 0.89 0.89 - 
JP 308 18.97 18.79 20.43 20.23 - 24.92 1.31 1.33 1.22 1.23 - 
B3 309 37.68 36.06 52.24 51.68 - 182.00 4.83 5.05 3.48 3.52 - 
B5 310 50.85 48.72 65.87 63.39 - 157.30 3.09 3.23 2.39 2.48 - 
B6 311 37.68 36.06 52.24 51.68 - 159.90 4.24 4.43 3.06 3.09 - 
SM2 312 21.08 19.98 25.28 24.17 - 28.10 1.33 1.41 1.11 1.16 - 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
SM4 313 21.08 19.98 25.28 24.17 - 33.20 1.57 1.66 1.31 1.37 - 
SM5 314 41.73 40.96 45.19 44.46 - 30.20 0.72 0.74 0.67 0.68 - 
ST3 315 21.08 19.98 25.28 24.17 - 32.80 1.56 1.64 1.30 1.36 - 
ST4 316 19.07 17.95 23.20 22.32 - 32.80 1.72 1.83 1.41 1.47 - 
MM5 317 25.19 24.12 33.48 32.53 - 124.50 4.94 5.16 3.72 3.83 - 
SM3 318 21.07 19.96 25.27 24.15 - 23.50 1.12 1.18 0.93 0.97 - 
SM6 319 16.62 15.65 20.74 20.04 - 29.80 1.79 1.90 1.44 1.49 - 
ST2 320 21.07 19.96 25.27 24.15 - 26.90 1.28 1.35 1.06 1.11 - 
MM2 321 32.20 30.90 40.70 39.20 - 73.60 2.29 2.38 1.81 1.88 - 
MM3 322 32.20 30.90 40.70 39.20 - 66.50 2.07 2.15 1.63 1.70 - 
MM4 323 32.20 30.90 40.70 39.20 - 83.10 2.58 2.69 2.04 2.12 - 
MT2 324 32.20 30.90 40.70 39.20 - 71.30 2.21 2.31 1.75 1.82 - 
MT3 325 32.20 30.90 40.70 39.20 - 76.00 2.36 2.46 1.87 1.94 - 
MT4 326 32.20 30.90 40.70 39.20 - 68.90 2.14 2.23 1.69 1.76 - 
MT5 327 32.20 30.90 40.70 39.20 - 72.20 2.24 2.34 1.77 1.84 - 
BCRP11 328 10.40 9.84 14.09 15.19 - 56.26 5.41 5.72 3.99 3.70 - 
BCRP13 329 16.49 15.65 20.45 19.72 - 52.00 3.15 3.32 2.54 2.64 - 
BCRP14 330 16.49 15.65 20.45 19.72 - 53.92 3.27 3.44 2.64 2.73 - 
A1b 331 5.98 6.05 6.67 6.70 3.08 7.08 1.18 1.17 1.06 1.06 2.30 
A1c 332 5.98 6.05 6.67 6.70 3.08 6.60 1.10 1.09 0.99 0.98 2.15 
A2b 333 5.11 5.07 5.59 5.53 3.00 5.52 1.08 1.09 0.99 1.00 1.84 
A2c 334 5.11 5.07 5.59 5.53 3.00 5.61 1.10 1.11 1.00 1.01 1.87 
A2d 335 5.11 5.07 5.59 5.53 3.00 6.15 1.20 1.21 1.10 1.11 2.05 
A2e 336 5.11 5.07 5.59 5.53 3.00 6.03 1.18 1.19 1.08 1.09 2.01 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
A2f 337 5.12 5.10 5.61 5.57 3.00 5.94 1.16 1.17 1.06 1.07 1.98 
A2g 338 4.05 3.92 4.56 4.41 3.00 5.04 1.24 1.29 1.10 1.14 1.68 
A2h 339 5.11 5.07 5.59 5.53 3.00 7.35 1.44 1.45 1.31 1.33 2.45 
B2 340 5.49 5.50 6.06 6.04 2.55 5.10 0.93 0.93 0.84 0.84 2.00 
B3 341 5.50 5.69 6.10 6.15 2.55 3.69 0.67 0.65 0.61 0.60 1.45 
B4 342 5.49 5.40 6.05 5.95 2.55 5.25 0.96 0.97 0.87 0.88 2.06 
B5 343 5.49 5.50 6.06 6.04 2.55 7.05 1.28 1.28 1.16 1.17 2.76 
B6 344 5.49 5.50 6.06 6.04 2.55 6.12 1.11 1.11 1.01 1.01 2.40 
B7 345 5.23 5.01 5.77 5.52 2.55 9.54 1.82 1.91 1.65 1.73 3.74 
B8 346 5.23 5.01 5.77 5.52 2.55 7.83 1.50 1.56 1.36 1.42 3.07 
B9 347 5.23 5.01 5.77 5.52 2.55 7.68 1.47 1.53 1.33 1.39 3.01 
B10 348 5.52 5.32 6.08 5.87 2.55 8.34 1.51 1.57 1.37 1.42 3.27 
1Au 349 5.39 5.38 6.00 5.97 2.55 5.94 1.10 1.10 0.99 0.99 2.33 
2Au 350 5.39 5.38 6.00 5.97 2.55 6.56 1.22 1.22 1.09 1.10 2.57 
3Au 351 5.39 5.38 6.00 5.97 2.50 7.80 1.45 1.45 1.30 1.31 3.12 
2Aa 352 5.39 5.38 6.00 5.97 2.55 8.60 1.60 1.60 1.43 1.44 3.37 
2A2a 353 5.39 5.38 6.00 5.97 2.55 6.73 1.25 1.25 1.12 1.13 2.64 
2A3a 354 5.39 5.38 6.00 5.97 2.55 7.11 1.32 1.32 1.19 1.19 2.79 
1Bu 355 5.47 5.46 6.08 6.05 2.55 5.49 1.00 1.01 0.90 0.91 2.15 
1B2u 356 5.47 5.46 6.08 6.05 2.55 5.46 1.00 1.00 0.90 0.90 2.14 
2Bu 357 5.47 5.46 6.08 6.05 2.50 5.78 1.06 1.06 0.95 0.96 2.31 
3Bu 358 5.47 5.46 6.08 6.05 2.50 6.92 1.27 1.27 1.14 1.14 2.77 
2Ba 359 5.47 5.46 6.08 6.05 2.55 8.43 1.54 1.54 1.39 1.39 3.31 
2B2a 360 5.47 5.46 6.08 6.05 2.55 5.85 1.07 1.07 0.96 0.97 2.29 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
1Cu 361 4.98 4.94 5.61 5.54 2.55 4.80 0.96 0.97 0.86 0.87 1.88 
2Cu 362 4.98 4.94 5.61 5.54 2.55 6.05 1.21 1.23 1.08 1.09 2.37 
3Cu 363 4.98 4.94 5.61 5.54 2.55 6.16 1.24 1.25 1.10 1.11 2.42 
2Ca 364 4.98 4.94 5.61 5.54 2.55 7.00 1.40 1.42 1.25 1.26 2.75 
CC 365 89.49 87.36 114.75 111.56 - 182.44 2.04 2.09 1.59 1.64 - 
AA 366 124.58 118.78 144.44 137.42 - 317.28 2.55 2.67 2.20 2.31 - 
BB 367 142.52 136.60 163.60 156.31 - 257.79 1.81 1.89 1.58 1.65 - 
DD 368 142.52 136.60 163.60 156.31 - 269.69 1.89 1.97 1.65 1.73 - 
N 369 17.80 17.00 25.37 24.94 33.35 49.87 2.80 2.93 1.97 2.00 1.50 
H 370 27.26 26.26 35.80 34.47 33.35 50.97 1.87 1.94 1.42 1.48 1.53 
M 371 31.02 29.91 39.66 38.14 33.35 65.88 2.12 2.20 1.66 1.73 1.98 
G 372 38.52 39.58 47.82 48.24 33.35 57.55 1.49 1.45 1.20 1.19 1.73 
C 373 37.75 37.88 46.58 46.20 33.35 50.69 1.34 1.34 1.09 1.10 1.52 
D 374 37.87 38.04 46.70 46.35 33.35 54.53 1.44 1.43 1.17 1.18 1.64 
E 375 38.27 38.54 47.56 47.30 33.35 57.00 1.49 1.48 1.20 1.21 1.71 
L 376 37.43 36.98 46.20 45.28 33.35 56.18 1.50 1.52 1.22 1.24 1.68 
F 377 35.62 34.35 43.88 42.16 33.35 60.85 1.71 1.77 1.39 1.44 1.82 
I 378 36.72 35.40 44.98 43.21 33.35 46.30 1.26 1.31 1.03 1.07 1.39 
J 379 36.94 35.76 45.56 43.92 33.35 56.27 1.52 1.57 1.23 1.28 1.69 
K 380 37.63 36.57 46.68 45.15 33.35 54.99 1.46 1.50 1.18 1.22 1.65 
P1 381 9.87 10.09 11.80 11.87 10.41 13.17 1.33 1.30 1.12 1.11 1.26 
P2 382 12.10 12.18 13.95 13.93 10.41 13.36 1.10 1.10 0.96 0.96 1.28 
P2B 383 12.10 12.18 13.95 13.93 10.41 12.77 1.06 1.05 0.92 0.92 1.23 
P2BW 384 12.10 12.18 13.95 13.93 10.41 15.33 1.27 1.26 1.10 1.10 1.47 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
P3 385 14.29 14.26 16.06 15.98 10.41 12.97 0.91 0.91 0.81 0.81 1.25 
P3B 386 14.29 14.26 16.06 15.98 10.41 14.34 1.00 1.01 0.89 0.90 1.38 
P3BW 387 14.29 14.26 16.06 15.98 10.41 14.15 0.99 0.99 0.88 0.89 1.36 
P3J 388 14.29 14.26 16.06 15.98 10.41 16.11 1.13 1.13 1.00 1.01 1.55 
VR5 389 11.58 11.23 15.63 15.10 18.40 40.01 3.45 3.56 2.56 2.65 2.17 
VR6 390 11.58 11.23 15.63 15.10 18.40 39.15 3.38 3.49 2.50 2.59 2.13 
VR7 391 8.23 7.97 12.14 11.82 18.40 48.62 5.91 6.10 4.01 4.11 2.64 
VR8 392 8.23 7.97 12.14 11.82 18.40 50.74 6.16 6.37 4.18 4.29 2.76 
VR9 393 6.88 6.64 10.64 10.55 18.40 50.74 7.38 7.64 4.77 4.81 2.76 
VR10 394 6.88 6.64 10.64 10.55 18.40 53.64 7.80 8.08 5.04 5.08 2.91 
S6-50-0 395 19.01 20.36 19.70 21.47 - 12.66 0.67 0.62 0.64 0.59 - 
S6-50-1 396 19.01 20.36 19.70 21.47 - 13.11 0.69 0.64 0.67 0.61 - 
S8-50-0 397 21.06 23.13 21.54 24.12 - 15.22 0.72 0.66 0.71 0.63 - 
S8-50-1 398 21.06 23.13 21.54 24.12 - 17.48 0.83 0.76 0.81 0.72 - 
A1 399 68.95 65.39 76.40 72.21 56.40 77.50 1.12 1.19 1.01 1.07 1.37 
A2 400 36.99 35.26 44.75 42.56 56.40 90.44 2.45 2.57 2.02 2.12 1.60 
A7 401 80.32 77.85 88.03 84.92 56.40 91.60 1.14 1.18 1.04 1.08 1.62 
C1 402 80.70 82.43 88.35 89.11 65.80 82.17 1.02 1.00 0.93 0.92 1.25 
CF1 403 13.05 13.82 13.40 14.44 13.08 15.42 1.18 1.12 1.15 1.07 1.18 
GF1 404 12.53 12.68 12.37 13.04 13.08 14.27 1.14 1.13 1.15 1.09 1.09 
CF3 405 5.68 5.86 5.84 6.09 4.78 6.09 1.07 1.04 1.04 1.00 1.27 
BM0 406 69.62 73.74 78.68 81.32 - 80.76 1.16 1.10 1.03 0.99 - 
B 06 407 9.19 9.00 10.86 10.57 - 15.16 1.65 1.68 1.40 1.43 - 
B 08 408 9.52 9.18 11.48 11.03 - 13.20 1.39 1.44 1.15 1.20 - 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
B1 409 13.95 14.75 16.87 17.29 - 17.88 1.28 1.21 1.06 1.03 - 
B2 410 13.95 14.75 16.87 17.29 - 18.44 1.32 1.25 1.09 1.07 - 
B3 411 13.95 14.75 16.87 17.29 - 18.30 1.31 1.24 1.09 1.06 - 
LL-3 412 27.40 29.44 31.67 32.91 - 8.72 0.32 0.30 0.28 0.26 - 
LL-4 413 30.29 33.40 36.01 38.10 - 8.26 0.27 0.25 0.23 0.22 - 
LL-5 414 32.96 34.93 36.95 38.10 - 10.56 0.32 0.30 0.29 0.28 - 
DF.1 415 22.30 22.74 26.35 26.49 18.75 29.50 1.32 1.30 1.12 1.11 1.57 
DF.2 416 22.30 22.74 26.35 26.49 18.75 30.13 1.35 1.32 1.14 1.14 1.61 
DF.3 417 22.15 22.54 26.10 26.21 18.75 30.00 1.35 1.33 1.15 1.14 1.60 
DF.4 418 22.15 22.54 26.10 26.21 18.75 31.38 1.42 1.39 1.20 1.20 1.67 
P2 419 46.04 45.90 54.09 53.36 40.50 45.45 0.99 0.99 0.84 0.85 1.12 
P3 420 46.04 45.90 54.09 53.36 40.50 45.45 0.99 0.99 0.84 0.85 1.12 
P4 421 38.35 37.01 46.12 44.27 40.50 51.75 1.35 1.40 1.12 1.17 1.28 
P6 422 38.35 37.01 46.12 44.27 40.50 59.40 1.55 1.60 1.29 1.34 1.47 
P7 423 40.59 39.09 48.25 46.26 40.50 61.20 1.51 1.57 1.27 1.32 1.51 
P8 424 40.59 39.09 48.25 46.26 40.50 64.35 1.59 1.65 1.33 1.39 1.59 
P9 425 25.77 24.80 33.30 32.06 40.50 70.20 2.72 2.83 2.11 2.19 1.73 
P10 426 25.77 24.80 33.30 32.06 40.50 71.55 2.78 2.89 2.15 2.23 1.77 
A-250-1 427 37.05 38.69 41.66 42.79 61.75 76.00 2.05 1.96 1.82 1.78 1.23 
C-250-1 428 37.11 38.35 41.66 42.46 61.75 76.00 2.05 1.98 1.82 1.79 1.23 
A-400-2 429 65.95 66.23 78.63 78.18 48.45 150.10 2.28 2.27 1.91 1.92 3.10 
C-400-2 430 65.70 65.17 78.26 77.07 48.45 144.40 2.20 2.22 1.85 1.87 2.98 
1 431 34.10 34.35 39.64 39.48 42.84 42.00 1.23 1.22 1.06 1.06 0.98 
2 432 34.10 34.35 39.64 39.48 42.84 44.52 1.31 1.30 1.12 1.13 1.04 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
3 433 34.10 34.35 39.64 39.48 42.84 39.90 1.17 1.16 1.01 1.01 0.93 
6 434 34.10 34.35 39.64 39.48 42.84 42.00 1.23 1.22 1.06 1.06 0.98 
beam 1,2,3 435 64.63 66.25 73.06 73.86 - 76.80 1.19 1.16 1.05 1.04 - 
BFS-1 436 47.28 45.50 56.70 54.29 73.95 90.56 1.92 1.99 1.60 1.67 1.22 
BFS-2 437 47.28 45.50 56.70 54.29 73.95 95.70 2.02 2.10 1.69 1.76 1.29 
1-A2 438 8.86 8.84 9.66 9.66 12.58 15.90 1.79 1.80 1.65 1.65 1.26 
1-A3 439 11.37 11.48 12.10 12.24 12.58 17.00 1.49 1.48 1.40 1.39 1.35 
1-A4 440 11.37 11.48 12.10 12.24 12.58 15.30 1.35 1.33 1.26 1.25 1.22 
1-A5 441 8.86 8.84 9.66 9.66 12.58 19.00 2.14 2.15 1.97 1.97 1.51 
1-A7 442 8.86 8.84 9.66 9.66 12.58 17.55 1.98 1.99 1.82 1.82 1.40 
1-A8 443 8.02 8.02 8.86 8.88 12.58 11.82 1.47 1.47 1.33 1.33 0.94 
1-B2 444 9.86 9.83 10.55 10.58 15.60 18.45 1.87 1.88 1.75 1.74 1.18 
1-B3 445 11.66 11.76 12.33 12.47 15.60 18.08 1.55 1.54 1.47 1.45 1.16 
1-B4 446 11.66 11.76 12.33 12.47 15.60 15.79 1.35 1.34 1.28 1.27 1.01 
1-B5 447 9.86 9.83 10.55 10.58 15.60 19.46 1.97 1.98 1.85 1.84 1.25 
1-B7 448 9.86 9.83 10.55 10.58 15.60 20.29 2.06 2.06 1.92 1.92 1.30 
2-A2 449 7.03 7.04 7.65 7.68 3.60 6.94 0.99 0.99 0.91 0.90 1.93 
2-A3 450 7.03 7.04 7.65 7.68 3.60 7.20 1.02 1.02 0.94 0.94 2.00 
2-A4 451 7.53 7.60 8.12 8.23 3.60 7.35 0.98 0.97 0.90 0.89 2.04 
2-B2 452 8.04 8.14 8.61 8.73 7.61 9.68 1.20 1.19 1.12 1.11 1.27 
2-B3 453 8.04 8.14 8.61 8.73 7.61 9.68 1.20 1.19 1.12 1.11 1.27 
2-B4 454 8.38 8.48 8.94 9.05 7.61 9.19 1.10 1.08 1.03 1.02 1.21 
2-C3 455 8.45 8.46 9.55 9.52 4.43 6.71 0.79 0.79 0.70 0.70 1.52 
2-C4 456 8.45 8.46 9.55 9.52 4.43 6.04 0.71 0.71 0.63 0.63 1.36 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
2-D3 457 11.36 11.31 12.38 12.31 8.14 11.03 0.97 0.97 0.89 0.90 1.35 
2-E3 458 7.30 7.02 7.74 7.48 11.63 7.20 0.99 1.03 0.93 0.96 0.62 
A2 459 35.30 34.43 40.93 39.85 26.43 55.30 1.57 1.61 1.35 1.39 2.09 
A3 460 35.30 34.43 40.93 39.85 26.43 62.30 1.76 1.81 1.52 1.56 2.36 
B2 461 40.14 38.76 45.52 43.89 35.00 65.59 1.63 1.69 1.44 1.49 1.87 
RF1 462 47.41 47.91 54.22 54.27 30.68 43.16 0.91 0.90 0.80 0.80 1.41 
RF2 463 44.58 44.90 51.43 51.32 30.68 36.92 0.83 0.82 0.72 0.72 1.20 
RF3 464 41.70 41.63 48.61 48.15 30.68 33.28 0.80 0.80 0.68 0.69 1.08 
RS1a 465 73.60 72.97 79.06 78.13 57.20 70.20 0.95 0.96 0.89 0.90 1.23 
RS1b 466 73.60 72.97 79.06 78.13 57.20 70.20 0.95 0.96 0.89 0.90 1.23 
B3 467 29.29 28.39 36.78 35.61 37.46 61.05 2.08 2.15 1.66 1.71 1.63 
B4 468 29.29 28.39 36.78 35.61 37.46 64.90 2.22 2.29 1.76 1.82 1.73 
B5 469 29.29 28.39 36.78 35.61 37.46 55.00 1.88 1.94 1.50 1.54 1.47 
B6 470 29.29 28.39 36.78 35.61 37.46 56.65 1.93 2.00 1.54 1.59 1.51 
B7 471 29.29 28.39 36.78 35.61 37.46 53.35 1.82 1.88 1.45 1.50 1.42 
B8 472 29.29 28.39 36.78 35.61 37.46 35.20 1.20 1.24 0.96 0.99 0.94 
B9 473 29.29 28.39 36.78 35.61 37.46 34.10 1.16 1.20 0.93 0.96 0.91 
B10 474 29.29 28.39 36.78 35.61 37.46 45.10 1.54 1.59 1.23 1.27 1.20 
B1F 475 77.32 77.48 81.96 81.60 139.50 153.00 1.98 1.97 1.87 1.87 1.10 
B3FS 476 97.48 96.72 101.37 100.27 135.00 139.50 1.43 1.44 1.38 1.39 1.03 
CB3-2S 477 167.84 168.35 181.78 181.22 176.60 240.65 1.43 1.43 1.32 1.33 1.36 
CB4-2S 478 167.84 168.35 181.78 181.22 176.60 237.90 1.42 1.41 1.31 1.31 1.35 
CB5-3S 479 167.84 168.35 181.78 181.22 176.60 262.61 1.56 1.56 1.44 1.45 1.49 
CB6-3S 480 167.84 168.35 181.78 181.22 176.60 251.63 1.50 1.49 1.38 1.39 1.42 
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Table C.1 Peeling moments calculated according to methods I and II, FRP plated beams  
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M I,R 
(KN.m) 
M II,P 
(KN.m) 
MII,R  
(KN.m) 
M II,P 
(KN.m) 
MRC, exp  
(KN.m) 
Mexp     
(KN.m) Mexp/M I,R Mexp/M I,P Mexp/MII,R Mexp/MII,P Mexp/MRC,exp 
CB7-1S 481 158.81 157.73 172.96 171.02 176.60 234.24 1.47 1.49 1.35 1.37 1.33 
CB8-1SB 482 158.81 157.73 172.96 171.02 176.60 249.80 1.57 1.58 1.44 1.46 1.41 
CB9-1SB 483 158.81 157.73 172.96 171.02 176.60 227.84 1.43 1.44 1.32 1.33 1.29 
CB10-2SB 484 158.81 157.73 172.96 171.02 176.60 279.99 1.76 1.78 1.62 1.64 1.59 
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APPENDIX D: PEELING AND EXPERIMENTAL FAILURE 
MOMENTS FOR STEEL PLATED BEAMS  
Table D.1 presents the calculated peeling moments according to method I by Hassanen and 
Raoof (2002) and method II by Heathcote and Raoof (2003).  
 
M I,R = Peeling moments calculated according to method I, rectangular stress assumption 
for compressive concrete 
M I,P= Peeling moment calculated according to method I, parabolic stress assumption for 
compressive concrete 
M II,R= Peeling moments calculated according to method II, rectangular stress assumption 
for compressive concrete 
M II,P= Peeling moment calculated according to method II, parabolic stress assumption for 
compressive concrete 
M exp= Experimental reported failure moment for plated beam 
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Table D.1 Peeling moments according to method I and II, Steel pated beams  
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 M I,R 
(KN.m) 
M I,P 
(KN.m) 
MII,R  
(KN.m
) 
M II,P 
(KN.m) 
Mexp     
(KN.m) 
Mexp/M 
I,R 
Mexp/M 
I,P 
Mexp/M 
II,R 
Mexp/M 
II,P 
1/1 1 7.00 6.49 8.15 8.19 9.20 1.31 1.42 1.13 1.12 
1/2 2 7.08 6.59 8.28 8.34 9.90 1.40 1.50 1.20 1.19 
2/1 3 6.42 5.92 7.31 8.61 12.20 1.90 2.06 1.67 1.42 
2/2 4 6.42 5.92 7.31 8.61 11.50 1.79 1.94 1.57 1.34 
3/1 5 6.88 6.39 7.75 7.82 11.30 1.64 1.77 1.46 1.45 
3/2 6 6.88 6.39 7.75 7.82 10.80 1.57 1.69 1.39 1.38 
3/3 7 6.88 6.39 7.75 7.82 12.60 1.83 1.97 1.63 1.61 
3/4 8 6.88 6.39 7.75 7.82 13.50 1.96 2.11 1.74 1.73 
4/1 9 7.49 6.92 8.60 9.49 12.60 1.68 1.82 1.47 1.33 
4/2 10 7.49 6.92 8.60 9.49 14.00 1.87 2.02 1.63 1.47 
4/3 11 7.40 6.84 8.49 9.41 13.50 1.82 1.97 1.59 1.43 
4/4 12 7.40 6.84 8.49 9.41 14.40 1.95 2.11 1.70 1.53 
5/1 13 7.40 6.84 8.49 9.41 11.50 1.55 1.68 1.35 1.22 
5/2 14 7.40 6.84 8.49 9.41 15.10 2.04 2.21 1.78 1.60 
5/3 15 7.31 6.75 8.38 9.33 11.50 1.57 1.70 1.37 1.23 
5/4 16 7.31 6.75 8.38 9.33 9.90 1.35 1.47 1.18 1.06 
6/1 17 6.63 6.11 7.56 8.77 16.00 2.41 2.62 2.12 1.83 
6/2 18 6.63 6.11 7.56 8.77 12.60 1.90 2.06 1.67 1.44 
6/3 19 6.63 6.11 7.56 8.77 12.60 1.90 2.06 1.67 1.44 
6/4 20 6.63 6.11 7.56 8.77 14.20 2.14 2.32 1.88 1.62 
7/1 21 8.98 8.39 10.69 12.29 16.80 1.87 2.00 1.57 1.37 
7/2 22 8.98 8.39 10.69 12.29 17.60 1.96 2.10 1.65 1.43 
7/3 23 8.84 8.26 10.51 12.18 15.40 1.74 1.86 1.46 1.26 
7/4 24 8.84 8.26 10.51 12.18 10.30 1.16 1.25 0.98 0.85 
8/1 25 9.26 8.65 11.03 12.52 18.00 1.94 2.08 1.63 1.44 
8/2 26 9.26 8.65 11.03 12.52 20.70 2.24 2.39 1.88 1.65 
8/3 27 8.98 8.39 10.69 12.29 13.40 1.49 1.60 1.25 1.09 
8/4 28 8.98 8.39 10.69 12.29 11.30 1.26 1.35 1.06 0.92 
9/1 29 8.14 7.59 9.20 9.13 16.70 2.05 2.20 1.81 1.83 
9/2 30 8.14 7.59 9.20 9.13 14.00 1.72 1.85 1.52 1.53 
9/3 31 7.01 6.52 7.91 7.95 13.50 1.93 2.07 1.71 1.70 
9/4 32 7.01 6.52 7.91 7.95 15.30 2.18 2.35 1.93 1.92 
10/1 33 6.37 5.81 4.98 4.12 12.30 1.93 2.12 2.47 2.99 
10/2 34 6.37 5.81 4.98 4.12 10.80 1.70 1.86 2.17 2.62 
10/3 35 7.49 6.93 8.67 12.46 11.20 1.49 1.62 1.29 0.90 
10/4 36 7.49 6.93 8.67 12.46 11.70 1.56 1.69 1.35 0.94 
11/1 37 9.38 8.80 10.82 10.79 12.30 1.31 1.40 1.14 1.14 
11/2 38 9.38 8.80 10.82 10.79 13.10 1.40 1.49 1.21 1.21 
11/3 39 6.23 5.60 6.25 5.46 7.90 1.27 1.41 1.26 1.45 
11/4 40 6.23 5.60 6.25 5.46 9.20 1.48 1.64 1.47 1.68 
12/1 41 6.94 6.36 7.11 19.13 10.40 1.50 1.64 1.46 0.54 
12/2 42 9.77 9.09 11.09 11.38 12.70 1.30 1.40 1.15 1.12 
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Table D.1 Peeling moments according to method I and II, Steel pated beams  
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 M I,R 
(KN.m) 
M I,P 
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MII,R  
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M II,P 
(KN.m) 
Mexp     
(KN.m) 
Mexp/M 
I,R 
Mexp/M 
I,P 
Mexp/M 
II,R 
Mexp/M 
II,P 
12/3 43 11.95 11.26 13.45 12.97 16.40 1.37 1.46 1.22 1.26 
12/4 44 9.14 8.45 10.50 12.46 10.60 1.16 1.25 1.01 0.85 
13/6 45 11.46 10.81 13.53 14.50 24.40 2.13 2.26 1.80 1.68 
13/7 46 14.00 13.27 16.98 18.16 23.90 1.71 1.80 1.41 1.32 
13/9 47 13.93 13.20 15.34 14.73 17.60 1.26 1.33 1.15 1.19 
13/10 48 13.93 13.20 15.34 14.73 16.10 1.16 1.22 1.05 1.09 
13/11 49 7.96 7.43 9.12 10.17 13.10 1.65 1.76 1.44 1.29 
13/13 50 7.61 7.09 8.73 8.47 12.60 1.66 1.78 1.44 1.49 
13/14 51 5.46 5.01 6.29 8.24 9.00 1.65 1.80 1.43 1.09 
13/15 52 8.07 7.45 8.98 8.67 15.30 1.90 2.05 1.70 1.76 
13/16 53 5.38 4.90 5.85 8.26 11.40 2.12 2.33 1.95 1.38 
13/17 54 2.78 2.52 2.67 2.45 6.30 2.26 2.50 2.36 2.57 
13/18 55 3.75 3.46 4.82 5.07 7.90 2.11 2.29 1.64 1.56 
13/19 56 7.06 6.64 8.42 8.22 10.60 1.50 1.60 1.26 1.29 
13/20 57 5.54 5.10 6.69 8.28 10.20 1.84 2.00 1.52 1.23 
1/2/S 58 10.98 10.19 12.79 13.35 16.34 1.49 1.60 1.28 1.22 
1/2/N 59 10.28 9.54 12.07 12.81 17.88 1.74 1.87 1.48 1.40 
1/3/S 60 7.74 7.19 9.39 11.19 22.88 2.96 3.18 2.44 2.04 
1/3/N 61 3.89 3.62 3.45 3.12 19.03 4.90 5.26 5.52 6.10 
1/4/S 62 10.98 10.19 12.79 13.35 22.55 2.05 2.21 1.76 1.69 
2/1/S 63 11.49 10.67 13.39 13.86 22.06 1.92 2.07 1.65 1.59 
2/1/N 64 6.75 6.28 8.37 11.04 24.20 3.58 3.85 2.89 2.19 
2/2/N 65 6.75 6.28 8.37 11.04 24.09 3.57 3.83 2.88 2.18 
2/2/S 66 9.76 9.07 11.61 12.54 24.09 2.47 2.66 2.07 1.92 
2/3/N 67 5.57 5.18 6.93 11.59 24.70 4.44 4.76 3.57 2.13 
2/3/S 68 9.76 9.07 11.61 12.54 24.86 2.55 2.74 2.14 1.98 
2/4/N 69 5.57 5.18 6.93 11.59 25.36 4.55 4.89 3.66 2.19 
2/4/S 70 9.76 9.07 11.61 12.54 24.70 2.53 2.72 2.13 1.97 
5/1/N 71 3.41 3.18 3.12 2.95 25.25 7.40 7.93 8.09 8.56 
5/1/S 72 9.04 8.41 10.90 12.09 24.15 2.67 2.87 2.22 2.00 
6/1/- 73 7.05 6.57 8.80 11.23 23.13 3.28 3.52 2.63 2.06 
6/2/- 74 7.05 6.57 8.80 11.23 23.59 3.35 3.59 2.68 2.10 
6/3/- 75 7.05 6.57 8.80 11.23 24.08 3.42 3.67 2.73 2.14 
6/4/- 76 9.37 8.72 11.31 12.40 25.85 2.76 2.96 2.29 2.08 
7/1/N 77 9.04 8.41 10.90 12.09 23.80 2.63 2.83 2.18 1.97 
7/1/S 78 9.04 8.41 10.90 12.09 24.50 2.71 2.91 2.25 2.03 
8/1/N 79 7.99 7.41 9.56 11.17 24.99 3.13 3.37 2.61 2.24 
8/1/S 80 7.99 7.41 9.56 11.17 25.16 3.15 3.40 2.63 2.25 
1/1/N* 81 9.34 8.67 11.08 12.13 22.55 2.42 2.60 2.03 1.86 
7/2/* 82 9.95 9.25 11.84 12.72 23.80 2.39 2.57 2.01 1.87 
8/2/* 83 8.79 8.15 10.41 11.62 24.80 2.82 3.04 2.38 2.13 
PB4 84 11.05 10.51 17.38 23.20 64.90 5.87 6.18 3.73 2.80 
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Table D.1 Peeling moments according to method I and II, Steel pated beams  
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II,R 
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II,P 
PB410 85 11.64 11.08 18.44 23.60 66.09 5.68 5.96 3.58 2.80 
PB420 86 11.54 10.99 18.27 23.53 64.47 5.59 5.87 3.53 2.74 
PB5 87 10.77 10.22 17.18 23.26 58.69 5.45 5.74 3.42 2.52 
P510 88 10.83 10.28 17.30 23.30 63.45 5.86 6.17 3.67 2.72 
PB510A 89 11.09 10.52 17.77 23.45 67.24 6.07 6.39 3.78 2.87 
PB520 90 11.09 10.52 17.77 23.45 63.88 5.76 6.07 3.60 2.72 
PB520A 91 11.51 10.94 18.55 23.76 64.47 5.60 5.89 3.48 2.71 
PB6 92 13.68 12.93 20.70 23.67 56.95 4.16 4.40 2.75 2.41 
PB610 93 13.78 13.03 20.87 23.79 57.55 4.18 4.42 2.76 2.42 
PB620 94 13.94 13.19 21.14 23.98 55.17 3.96 4.18 2.61 2.30 
PB620A 95 13.64 12.89 20.64 23.62 56.10 4.11 4.35 2.72 2.37 
PB7 96 11.54 10.99 18.27 23.53 65.24 5.65 5.94 3.57 2.77 
PB710 97 11.73 11.17 18.60 23.68 69.83 5.95 6.25 3.75 2.95 
PB720 98 11.67 11.11 18.49 23.63 68.47 5.87 6.16 3.70 2.90 
PB8 99 11.14 10.57 17.86 23.49 66.00 5.93 6.24 3.70 2.81 
PB810 100 11.35 10.78 18.26 23.64 69.28 6.10 6.42 3.79 2.93 
PB820 101 11.71 11.13 18.92 23.93 62.82 5.36 5.64 3.32 2.62 
PB9 102 14.70 13.92 22.38 24.90 57.46 3.91 4.13 2.57 2.31 
PB910 103 14.43 13.65 21.93 24.56 61.84 4.29 4.53 2.82 2.52 
PB920 104 14.83 14.05 22.60 25.06 57.33 3.86 4.08 2.54 2.29 
P16 105 16.88 16.05 24.47 26.98 79.01 4.68 4.92 3.23 2.93 
P17 106 10.71 10.16 17.10 25.80 70.30 6.56 6.92 4.11 2.72 
P18 107 9.37 8.85 15.23 27.21 67.96 7.25 7.68 4.46 2.50 
P22 108 11.40 10.83 18.33 23.68 54.94 4.82 5.07 3.00 2.32 
P23 109 11.07 10.51 17.72 23.45 76.80 6.94 7.31 4.33 3.28 
P24 110 9.96 9.40 15.16 27.21 70.31 7.06 7.48 4.64 2.58 
P25 111 10.60 10.02 16.45 26.63 87.50 8.26 8.73 5.32 3.29 
PB110 112 11.70 11.14 18.55 23.65 64.05 5.47 5.75 3.45 2.71 
F1-15-12 113 6.74 6.44 8.64 8.30 10.00 1.48 1.55 1.16 1.20 
F2-15-12 114 9.07 8.61 11.10 10.68 9.70 1.07 1.13 0.87 0.91 
F3-15-12 115 7.40 6.97 9.17 8.93 11.78 1.59 1.69 1.28 1.32 
F1-5-12 116 6.79 6.49 8.84 8.51 14.92 2.20 2.30 1.69 1.75 
F2-5-12 117 8.67 8.21 10.49 10.08 15.40 1.78 1.88 1.47 1.53 
F3-5-12 118 8.02 7.56 9.86 9.57 13.14 1.64 1.74 1.33 1.37 
F1-15-6 119 6.81 6.52 8.94 8.61 11.78 1.73 1.81 1.32 1.37 
F2-15-6 120 8.93 8.47 10.92 10.51 11.20 1.25 1.32 1.03 1.07 
F3-15-6 121 8.01 7.56 9.94 9.67 10.80 1.35 1.43 1.09 1.12 
F1-5-6 122 6.81 6.52 8.94 8.61 14.24 2.09 2.19 1.59 1.65 
F2-5-6 123 9.32 8.84 11.30 10.86 15.44 1.66 1.75 1.37 1.42 
F3-5-6 124 8.43 7.95 10.37 10.06 13.36 1.58 1.68 1.29 1.33 
F1-15-3 125 6.77 6.48 8.78 8.44 13.86 2.05 2.14 1.58 1.64 
F2-15-3 126 8.93 8.47 10.92 10.51 11.60 1.30 1.37 1.06 1.10 
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Table D.1 Peeling moments according to method I and II, Steel pated beams  
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F3-15-3 127 8.21 7.74 10.19 9.90 13.82 1.68 1.78 1.36 1.40 
F1-5-3 128 6.81 6.51 8.93 8.61 14.34 2.11 2.20 1.61 1.67 
F2-5-3 129 8.76 8.30 10.61 10.19 15.64 1.79 1.88 1.47 1.54 
F3-5-3 130 7.86 7.40 9.66 9.38 14.90 1.89 2.01 1.54 1.59 
S1-10-20 131 9.66 9.13 11.46 10.89 16.18 1.68 1.77 1.41 1.49 
S3-15-20 132 7.53 7.05 9.27 9.06 13.24 1.76 1.88 1.43 1.46 
S1-15-12 133 9.56 9.02 11.20 10.62 17.60 1.84 1.95 1.57 1.66 
S1-10-12 134 9.56 9.02 11.20 10.62 17.00 1.78 1.89 1.52 1.60 
S2-5-12 135 9.17 8.60 10.77 10.28 19.52 2.13 2.27 1.81 1.90 
14 136 15.09 14.39 19.85 19.39 22.50 1.49 1.56 1.13 1.16 
15 137 12.93 12.44 17.98 17.43 17.00 1.32 1.37 0.95 0.98 
16 138 15.17 14.47 19.96 19.51 21.50 1.42 1.49 1.08 1.10 
17 139 15.29 14.59 20.13 19.66 21.00 1.37 1.44 1.04 1.07 
18 140 15.45 14.74 20.34 19.86 21.50 1.39 1.46 1.06 1.08 
19 141 15.49 14.95 20.73 19.98 18.00 1.16 1.20 0.87 0.90 
F12 142 44.31 41.67 49.11 46.25 88.97 2.01 2.13 1.81 1.92 
F13 143 44.18 41.52 48.85 45.97 88.21 2.00 2.12 1.81 1.92 
F14 144 44.12 41.44 48.73 45.84 92.04 2.09 2.22 1.89 2.01 
F22 145 44.11 41.44 48.72 45.83 89.05 2.02 2.15 1.83 1.94 
F23 146 44.14 41.46 48.76 45.87 89.36 2.02 2.16 1.83 1.95 
F24 147 44.11 41.44 48.72 45.83 89.09 2.02 2.15 1.83 1.94 
BCRP10 148 23.76 22.32 27.54 26.33 69.49 2.93 3.11 2.52 2.64 
BCRP12 149 33.30 31.36 37.05 34.92 58.18 1.75 1.86 1.57 1.67 
P7 150 11.46 10.91 18.12 23.47 34.00 2.97 3.12 1.88 1.45 
P8 151 11.41 10.84 18.37 23.69 36.25 3.18 3.34 1.97 1.53 
P9 152 14.67 13.89 22.32 24.86 33.83 2.31 2.44 1.52 1.36 
3 153 14.48 13.80 19.03 18.61 21.00 1.45 1.52 1.10 1.13 
4 154 15.57 14.85 20.50 20.02 22.50 1.45 1.51 1.10 1.12 
5 155 14.93 14.23 19.63 19.19 22.00 1.47 1.55 1.12 1.15 
6 156 14.21 13.53 18.66 18.26 21.00 1.48 1.55 1.13 1.15 
7 157 14.95 14.25 19.66 19.21 21.00 1.41 1.47 1.07 1.09 
8 158 14.84 14.15 19.51 19.08 21.00 1.42 1.48 1.08 1.10 
10 159 12.94 12.46 18.10 17.56 17.00 1.31 1.36 0.94 0.97 
11 160 12.95 12.40 18.00 17.64 21.00 1.62 1.69 1.17 1.19 
13 161 22.93 21.87 27.80 26.72 20.00 0.87 0.91 0.72 0.75 
3b 162 4.86 4.46 5.67 6.40 5.35 1.10 1.20 0.94 0.84 
4a 163 4.47 4.10 5.30 5.98 6.37 1.43 1.56 1.20 1.06 
P1 164 18.81 17.94 26.18 27.45 33.53 1.78 1.87 1.28 1.22 
P2 165 9.46 9.01 15.53 25.03 27.58 2.91 3.06 1.78 1.10 
P2A 166 10.18 9.70 16.99 24.88 31.83 3.13 3.28 1.87 1.28 
P3A 167 12.60 11.94 19.64 23.57 32.00 2.54 2.68 1.63 1.36 
P10 168 19.33 18.41 26.83 28.22 36.30 1.88 1.97 1.35 1.29 
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Table D.1 Peeling moments according to method I and II, Steel pated beams  
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 M I,R 
(KN.m) 
M I,P 
(KN.m) 
MII,R  
(KN.m
) 
M II,P 
(KN.m) 
Mexp     
(KN.m) 
Mexp/M 
I,R 
Mexp/M 
I,P 
Mexp/M 
II,R 
Mexp/M 
II,P 
P11 169 14.00 13.31 21.29 24.93 27.33 1.95 2.05 1.28 1.10 
P12 170 10.34 9.80 16.91 24.94 27.75 2.68 2.83 1.64 1.11 
P14 171 12.95 12.31 20.09 25.43 31.58 2.44 2.56 1.57 1.24 
P19 172 23.07 21.89 30.13 31.24 29.79 1.29 1.36 0.99 0.95 
P21 173 9.71 9.17 14.86 30.00 31.71 3.27 3.46 2.13 1.06 
URB5 174 7.36 6.68 8.53 12.25 19.95 2.71 2.99 2.34 1.63 
B1 175 6.84 6.38 8.41 8.45 11.60 1.70 1.82 1.38 1.37 
C11 176 4.59 4.38 6.23 6.13 8.13 1.77 1.86 1.31 1.33 
C12 177 4.59 4.38 6.23 6.13 11.86 2.59 2.71 1.90 1.94 
MF1 178 9.51 8.84 11.09 10.83 9.00 0.95 1.02 0.81 0.83 
FRB5 179 7.70 7.24 9.34 9.06 12.00 1.56 1.66 1.28 1.32 
URB4 180 8.37 7.76 9.61 9.64 21.60 2.58 2.78 2.25 2.24 
F31 181 21.60 20.01 25.68 29.31 69.80 3.23 3.49 2.72 2.38 
205 182 24.44 22.73 29.30 31.84 81.69 3.34 3.59 2.79 2.57 
209 183 24.44 22.73 29.30 31.84 84.37 3.45 3.71 2.88 2.65 
218 184 24.44 22.73 29.30 31.84 74.40 3.04 3.27 2.54 2.34 
204 185 36.08 33.79 41.38 39.79 103.55 2.87 3.06 2.50 2.60 
208 186 36.08 33.79 41.38 39.79 101.24 2.81 3.00 2.45 2.54 
217 187 36.08 33.79 41.38 39.79 98.56 2.73 2.92 2.38 2.48 
203 188 42.53 39.98 47.96 45.41 103.55 2.43 2.59 2.16 2.28 
C3 189 4.59 4.38 6.23 6.13 13.48 2.94 3.08 2.17 2.20 
C5 190 4.59 4.38 6.23 6.13 13.75 3.00 3.14 2.21 2.24 
C7 191 12.07 11.03 13.05 12.26 14.47 1.20 1.31 1.11 1.18 
C16 192 12.07 11.03 13.05 12.26 12.38 1.03 1.12 0.95 1.01 
FRB2 193 18.76 16.72 19.59 17.65 14.20 0.76 0.85 0.72 0.80 
URB2 194 12.95 11.91 13.91 12.95 15.00 1.16 1.26 1.08 1.16 
B10 195 20.05 17.83 20.83 18.79 15.00 0.75 0.84 0.72 0.80 
URB3 196 16.51 15.22 17.79 16.77 20.63 1.25 1.36 1.16 1.23 
F11 197 81.16 72.65 83.95 75.55 88.97 1.10 1.22 1.06 1.18 
207 198 83.46 75.36 86.99 79.06 100.48 1.20 1.33 1.16 1.27 
216 199 83.46 75.36 86.99 79.06 100.48 1.20 1.33 1.16 1.27 
O 200 35.39 32.07 35.85 41.02 42.73 1.21 1.33 1.19 1.04 
P 201 37.07 33.59 37.93 41.87 57.83 1.56 1.72 1.52 1.38 
FRB6 202 7.88 7.43 9.39 9.00 11.60 1.47 1.56 1.24 1.29 
FRB8 203 7.11 6.66 8.58 8.34 11.56 1.63 1.73 1.35 1.39 
 
 
 
 
 
APPENDIX E: INTERFACE DEBONDING VERIFICATION DATABASE 
 
229 
 
APPENDIX E: INTERFACE DEBONDING VERIFICATION 
DATABASE 
Table E.1 displays the steel plated beams chosen for verification of the proposed debonding 
model. It includes all steel plated beams tested by Heathcote (2004) which failed due to 
plate debonding. Table E.2 shows the calculated debonding loads for same steel plated 
beams and compares them with experimental debonding loads. Table E.3 shows the FRP 
plated beams chosen for verification of debonding model, where calculated debonding 
loads could be found in Table E.4 for same FRP plated beams. Table E.5 shows the 
predicted debonding loads for all steel plates shown in Table A.2. Table E.6 displays 
debonding loads according to the proposed debonding model for all FRP plated beams 
shown in Table A.1. 
 
Parameter Description 
Beam a-Beam b 
Beam without the plate and with the plate as shown in 
Figure 4.17 
VBeam,a Beam action in beam a according to Equation (4.26) 
V Arch,a Arch action in beam a according to Equation (4.34) 
ra,rb Coefficients according to Equations (4.27) and (4.31) 
VBeam,b Beam action in beam b according to(4.29) 
VArch,b Arch action in beam b  
rtot  Coefficient according to Equation (4.37) 
VArchII Arch action according to(4.36) 
VBeam 
Beam action for the plated beam according to Equation 
(4.32) 
VArch 
Arch action for the plated beam according to Equation 
(4.38) 
Vdebond Final debonding load according to Equation(4.39) 
Vexp Experimental reported debonding load 
α Length factor according to Equation(4.28) 
β Length factor according to Equation(4.33) 
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Table E.1 Steel plated beams for verification of the debonding model  
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 Concrete Section Steel Bars Steel plate 
a      
(mm) 
b(
m
m
) 
h(
m
m
) 
Bars in 
Compression Bars in tension 
fcu       
(MPa) 
Ec        
(MPa) 
fy         
(MPa) 
Es          
(MPa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(MPa) 
Ep             
(MPa) 
N
o.
 Dia. 
(mm) 
Cover 
(mm) N
o.
 Dia.   
(mm) 
 
Cover 
(mm)  
PB4 1 150 300 2 8 37 2 10 33 53 40041 488 194000 150.0 5.0 700 337 202000 850 
PB410 2 150 300 2 8 37 2 10 33 58.5 42067 488 194000 150.0 5.0 700 337 202000 850 
PB420 3 150 300 2 8 37 2 10 33 57.6 41742 488 194000 150.0 5.0 700 337 202000 850 
PB5 4 150 300 2 8 37 2 10 43 54.8 40715 488 194000 150.0 5.0 700 337 202000 850 
P510 5 150 300 2 8 37 2 10 43 55.4 40937 488 194000 150.0 5.0 700 337 202000 850 
PB510A 6 150 300 2 8 37 2 10 43 57.9 41851 488 194000 150.0 5.0 700 337 202000 850 
PB520 7 150 300 2 8 37 2 10 43 57.9 41851 488 194000 150.0 5.0 700 337 202000 850 
PB520A 8 150 300 2 8 37 2 10 43 62.2 43377 488 194000 150.0 5.0 700 337 202000 850 
PB6 9 150 300 2 8 37 2 10 58 56.4 41305 488 194000 150.0 5.0 700 337 202000 850 
PB610 10 150 300 2 8 37 2 10 58 57.2 41597 488 194000 150.0 5.0 700 337 202000 850 
PB620 11 150 300 2 8 37 2 10 58 58.5 42067 488 194000 150.0 5.0 700 337 202000 850 
PB620A 12 150 300 2 8 37 2 10 58 56.1 41195 488 194000 150.0 5.0 700 337 202000 850 
PB7 13 150 300 2 8 37 2 10 33 57.6 41742 488 194000 150.0 5.0 700 337 202000 850 
PB710 14 150 300 2 8 37 2 10 33 59.4 42389 488 194000 150.0 5.0 700 337 202000 850 
PB720 15 150 300 2 8 37 2 10 33 58.8 42175 488 194000 150.0 5.0 700 337 202000 850 
PB8 16 150 300 2 8 37 2 10 43 58.4 42031 488 194000 150.0 5.0 700 337 202000 850 
PB810 17 150 300 2 8 37 2 10 43 60.6 42815 488 194000 150.0 5.0 700 337 202000 850 
PB820 18 150 300 2 8 37 2 10 43 64.3 44103 488 194000 150.0 5.0 700 337 202000 850 
PB9 19 150 300 2 8 37 2 10 58 64.7 44240 488 194000 150.0 5.0 700 337 202000 850 
PB910 20 150 300 2 8 37 2 10 58 62.4 43447 488 194000 150.0 5.0 700 337 202000 850 
PB920 21 150 300 2 8 37 2 10 58 65.8 44614 488 194000 150.0 5.0 700 337 202000 850 
P16 22 150 300 2 8 37 4 10 33 67 45019 488 194000 150.0 5.0 700 337 202000 850 
P17 23 150 300 2 8 37 4 10 43 63.2 43724 488 194000 150.0 5.0 700 337 202000 850 
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Table E.1 Steel plated beams for verification of the debonding model  
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 Concrete Section Steel Bars Steel plate 
a      
(mm) 
b(
m
m
) 
h(
m
m
) 
Bars in 
Compression Bars in tension 
fcu       
(MPa) 
Ec        
(MPa) 
fy         
(MPa) 
Es          
(MPa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(MPa) 
Ep             
(MPa) 
N
o.
 Dia. 
(mm) 
Cover 
(mm) N
o.
 Dia.   
(mm) 
 
Cover 
(mm)  
P18 24 150 300 2 8 37 4 10 58 62.4 43447 488 194000 150.0 5.0 700 337 202000 850 
P22 25 150 300 2 8 37 2 10 43 60.9 42921 563 197000 150.0 5.0 475 337 202000 625 
P23 26 150 300 2 8 37 2 10 43 57.6 41742 563 197000 150.0 5.0 850 337 202000 1000 
P24 27 150 300 2 8 37 2 16 43 53.4 40191 491 195000 150.0 5.0 475 337 202000 625 
PB110 28 150 300 2 8 37 2 10 33 59.1 42282 488 194000 150.0 5.0 700 337 202000 850 
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Table E.2  Calculated debonding loads according to the proposed debonding model, steel plated beams 
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Beam a Beam b Platd beam Debonding Vexp          (kN) Vexp/Vdebond ra VBeam,a(kN) VArch,a (kN) rb VBeam,b (kN) VArch,b (kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
PB4 1 0.86 19.54 9.38 0.81 25.03 48.69 0.76 50.00 0.63 0.37 35.38 35.08 70.45 76.35 1.08 
PB410 2 0.86 20.53 9.38 0.81 26.29 48.69 0.76 51.49 0.64 0.36 37.29 36.22 73.50 77.75 1.06 
PB420 3 0.86 20.37 9.38 0.81 26.09 48.69 0.76 51.49 0.64 0.36 37.00 36.22 73.22 75.85 1.04 
PB5 4 0.83 18.99 9.07 0.81 25.45 48.69 0.75 50.15 0.63 0.37 35.12 35.11 70.24 69.05 0.98 
P510 5 0.83 19.09 9.07 0.81 25.59 48.69 0.75 50.15 0.63 0.37 35.31 35.11 70.43 74.65 1.06 
PB510A 6 0.83 19.52 9.07 0.81 26.16 48.69 0.75 50.15 0.63 0.37 36.10 35.11 71.21 79.10 1.11 
PB520 7 0.83 19.52 9.07 0.81 26.16 48.69 0.75 50.15 0.63 0.37 36.10 35.11 71.21 75.15 1.06 
PB520A 8 0.83 20.23 9.07 0.81 27.11 48.69 0.75 50.15 0.63 0.37 37.42 35.11 72.53 75.85 1.05 
PB6 9 0.80 17.96 8.61 0.81 25.82 48.69 0.74 48.21 0.63 0.37 34.20 33.53 67.73 67.00 0.99 
PB610 10 0.80 18.09 8.61 0.81 26.00 48.69 0.74 48.21 0.63 0.37 34.44 33.53 67.97 67.70 1.00 
PB620 11 0.80 18.29 8.61 0.81 26.29 48.69 0.74 48.21 0.63 0.37 34.83 33.53 68.36 64.90 0.95 
PB620A 12 0.80 17.91 8.61 0.81 25.75 48.69 0.74 48.21 0.63 0.37 34.11 33.53 67.64 66.00 0.98 
PB7 13 0.86 20.37 9.38 0.81 26.09 48.69 0.76 51.49 0.64 0.36 37.00 36.22 73.22 76.75 1.05 
PB710 14 0.86 20.69 9.38 0.81 26.49 48.69 0.76 51.49 0.64 0.36 37.57 36.22 73.79 82.15 1.11 
PB720 15 0.86 20.58 9.38 0.81 26.36 48.69 0.76 51.49 0.64 0.36 37.38 36.22 73.60 80.55 1.09 
PB8 16 0.83 19.60 9.07 0.81 26.27 48.69 0.75 50.15 0.63 0.37 36.26 35.11 71.37 77.65 1.09 
PB810 17 0.83 19.97 9.07 0.81 26.76 48.69 0.75 50.15 0.63 0.37 36.93 35.11 72.05 81.50 1.13 
PB820 18 0.83 20.57 9.07 0.81 27.57 48.69 0.75 50.15 0.63 0.37 38.04 35.11 73.16 73.90 1.01 
PB9 19 0.80 19.24 8.61 0.81 27.65 48.69 0.74 48.21 0.63 0.37 36.63 33.53 70.16 67.60 0.96 
PB910 20 0.80 18.89 8.61 0.81 27.16 48.69 0.74 48.21 0.63 0.37 35.97 33.53 69.50 72.75 1.05 
PB920 21 0.80 19.40 8.61 0.81 27.89 48.69 0.74 48.21 0.63 0.37 36.94 33.53 70.47 67.45 0.96 
P16 22 0.80 22.85 18.21 0.81 28.14 48.69 0.75 60.10 0.66 0.34 41.46 45.90 87.36 92.95 1.06 
P17 23 0.78 21.20 17.60 0.81 27.33 48.69 0.74 58.80 0.66 0.34 39.20 44.74 83.94 82.70 0.99 
P18 24 0.75 19.63 16.71 0.81 27.16 48.69 0.72 56.94 0.66 0.34 37.43 43.07 80.50 79.95 0.99 
P22 25 1.00 22.25 12.13 0.97 30.57 65.80 0.90 66.42 1.00 0.00 52.82 66.42 119.24 87.90 0.74 
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Table E.2  Calculated debonding loads according to the proposed debonding model, steel plated beams 
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Beam a Beam b Platd beam Debonding Vexp          (kN) Vexp/Vdebond ra VBeam,a(kN) VArch,a (kN) rb VBeam,b (kN) VArch,b (kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
P23 26 0.76 18.91 7.99 0.74 25.02 41.77 0.68 43.54 0.65 0.35 35.21 31.16 66.37 76.80 1.16 
P24 27 0.91 21.26 28.93 0.97 28.62 66.41 0.88 84.00 1.00 0.00 49.88 84.00 133.88 112.50 0.84 
PB110 28 0.86 20.64 9.38 0.81 26.43 48.69 0.76 51.49 0.64 0.36 37.48 36.22 73.69 75.35 1.02 
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Table E.3 FRP plated beams for verification of the proposed debonding model  
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Ref. 
Concrete Section Steel Bars FRP plate 
a      
(mm) 
b(
m
m
) 
h(
m
m
) 
Bars in Comp Bars in tension 
fcu       
(Mpa) 
Ec        
(Mpa) 
fy         
(Mpa) 
Es          
(Mpa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(Mpa) 
Ep             
(Mpa) 
t a 
  (
m
m
) 
N
o.
 Dia. 
(mm) 
h'   
(mm) N
o.
 Dia.   
(mm) 
 h'   
(mm)  
CP 1 6 150 150 2 6 34 3 12 31 47.1 37746.2 450 200000 100.0 3.00 325.0 200 17000 1 400 
3U-1.0 2 28 100 100 2 6 16 3 6 13 54 40416.6 350 215000 67.0 0.82 320.0 1414 111000 1 340 
4U-1.0 3 28 100 100 2 6 16 3 6 13 54 40416.6 350 215000 67.0 0.82 380.0 1414 111000 1 400 
5U-1.0 4 28 100 100 2 6 16 3 6 13 54 40416.6 350 215000 67.0 0.82 380.0 1414 111000 1 400 
1U-4.5 5 28 145 230 2 8 25 2 12 19 47 37706.1 556 215000 90.0 1.28 1485.0 1284 115000 1 1525 
4 6 60 76 127 2 4.6 13.7 2 4.6 13.7 55.9 31600.0 517 215000 63.2 0.65 383.0 1450 186000 1 458 
5 7 60 76 127 2 4.6 13.7 2 4.6 13.7 55.9 31600.0 517 220000 63.2 0.65 383.0 1450 186000 1 458 
6 8 60 76 127 2 4.6 13.7 2 4.6 13.7 55.9 31600.0 517 220000 63.3 0.90 383.0 1450 186000 1 458 
7 9 60 76 127 2 4.6 13.7 2 4.6 13.7 55.9 31600.0 517 215000 63.3 0.90 383.0 1450 186000 1 458 
8 10 60 76 127 2 4.6 13.7 2 4.6 13.7 55.9 31600.0 517 215000 63.9 1.90 383.0 1450 186000 1 458 
a4 11 49 200 150 2 8 30 2 10 25 50 25000.0 575 215000 150.0 0.80 665.0 1532 127000 1 750 
A5 12 49 200 150 2 8 30 2 10 25 50 25000.0 575 215000 150.0 0.80 665.0 1532 127000 1 750 
A6 13 49 200 150 2 8 30 2 10 25 50 25000.0 575 215000 150.0 1.20 665.0 1532 127000 1 750 
A7 14 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 1.20 665.0 1532 127000 1 750 
A8 15 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 0.80 665.0 1532 127000 1 750 
A9 16 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 0.80 665.0 1532 127000 1 750 
B3 17 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 0.40 665.0 1532 127000 1 750 
B4 18 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 0.40 665.0 1532 127000 1 750 
B5 19 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 1.20 665.0 1532 127000 1 750 
B6 20 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 1.20 665.0 1532 127000 1 750 
B7 21 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 1.80 665.0 1074 36000 1 750 
B8 22 49 200 150 2 8 30 2 10 25 50 25000.0 575 200000 150.0 1.80 665.0 1074 36000 1 750 
D 23 52 205 455 2 13 55 2 25 42.5 43.8 36399.9 456 200000 152.0 6.00 1828.0 400 37200 1 1983 
B5* 24 47 100 100 2 6 15 3 6 12 53 40040.6 350 200000 80.0 1.20 280.0 1079 49000 1 300 
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Table E.3 FRP plated beams for verification of the proposed debonding model  
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Ref. 
Concrete Section Steel Bars FRP plate 
a      
(mm) 
b(
m
m
) 
h(
m
m
) 
Bars in Comp Bars in tension 
fcu       
(Mpa) 
Ec        
(Mpa) 
fy         
(Mpa) 
Es          
(Mpa) 
bp         
(mm) 
tp          
(mm) 
Lp      
(mm) 
fp      
(Mpa) 
Ep             
(Mpa) 
t a 
  (
m
m
) 
N
o.
 Dia. 
(mm) 
h'   
(mm) N
o.
 Dia.   
(mm) 
 h'   
(mm)  
B9* 25 47 100 100 2 6 15 3 6 12 53 40040.6 350 200000 80.0 1.20 280.0 987 119000 1 300 
2Au 26 29 100 100 2 6 16 3 6 13 59.1 33500.0 350 200000 90.0 0.50 339.0 1273 111000 1 340 
3Au 27 29 100 100 2 6 16 3 6 13 59.1 33500.0 350 200000 90.0 0.50 399.0 1273 111000 1 400 
3Bu 28 29 100 100 2 6 16 3 6 13 59.1 33500.0 350 200000 65.0 0.70 399.0 1273 111000 1 400 
3Cu 29 29 100 100 2 6 16 3 6 13 59.1 33500.0 350 200000 45.0 1.00 399.0 1273 111000 1 400 
B2# 30 12 270 400 2 9.5 40 3 19.5 30.3 22.6 26146.7 484 200000 250.0 1.59 1200.0 3400 230000 1 1300 
B3# 31 12 270 400 2 9.5 40 3 19.5 30.3 23.6 26718.9 484 201000 250.0 1.59 1200.0 3400 230000 1 1300 
SM3 32 9 320 160 2 12 56 2 12 50 45 27000.0 550 185000 300.0 1.01 370.0 3510 235000 1 420 
SM4 33 9 320 160 2 12 56 2 12 50 45 27000.0 550 185000 300.0 1.01 370.0 3510 235000 1 420 
ST2 34 9 320 160 2 12 56 2 12 50 45 27000.0 550 185000 300.0 1.01 370.0 3480 235000 1 420 
ST4 35 9 320 160 2 12 56 2 12 50 45 27000.0 550 185000 300.0 1.01 370.0 2940 380000 1 420 
MM3 36 9 160 320 2 16 58 2 16 50 45 27000.0 550 185000 150.0 1.01 850.0 3510 235000 1 950 
A1b 37 48 100 100 2 6 15 3 6 12 70 35000.0 350 185000 80.0 1.20 280.0 1079 49000 1 300 
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Table E.4 Calculated debonding loads according to proposed debonding model, FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Vexp      
(kN) Vexp/Vdebond ra 
VBeam,a        
(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II     
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond 
(kN) 
CP 1 0.69 8.32 17.15 1.00 11.57 2.12 0.76 24.11 0.61 0.39 15.43 21.42 36.84 32.20 0.87 
3U-1.0 2 0.68 4.27 4.09 0.87 4.92 1.66 0.71 6.10 0.83 0.17 8.37 5.76 14.13 17.00 1.20 
4U-1.0 3 0.62 4.21 3.67 0.79 4.77 1.46 0.64 5.43 0.84 0.16 8.23 5.15 13.38 17.25 1.29 
5U-1.0 4 0.62 4.21 3.67 0.79 4.77 1.46 0.64 5.43 0.84 0.16 8.23 5.15 13.38 17.30 1.29 
1U-4.5 5 0.49 13.96 7.72 0.61 14.07 2.33 0.50 10.41 0.87 0.13 26.22 10.07 36.28 30.00 0.83 
4 6 0.74 4.12 1.65 0.82 4.84 1.97 0.73 3.52 0.42 0.58 6.15 2.43 8.58 14.78 1.72 
5 7 0.74 4.12 1.65 0.82 4.84 1.92 0.73 3.48 0.42 0.58 6.14 2.41 8.55 15.25 1.78 
6 8 0.74 4.12 1.65 0.79 4.95 2.64 0.72 4.09 0.45 0.55 6.36 2.75 9.11 13.95 1.53 
7 9 0.74 4.12 1.65 0.79 4.96 2.70 0.72 4.14 0.45 0.55 6.37 2.78 9.15 12.80 1.40 
8 10 0.74 4.12 1.65 0.74 5.17 5.56 0.68 6.56 0.55 0.45 6.94 4.32 11.27 18.67 1.66 
a4 11 0.55 11.37 5.91 0.70 13.26 3.14 0.57 9.59 0.51 0.49 18.20 7.80 26.00 30.95 1.19 
A5 12 0.55 11.37 5.91 0.70 13.26 3.14 0.57 9.59 0.51 0.49 18.20 7.80 26.00 31.60 1.22 
A6 13 0.55 11.37 5.91 0.67 13.72 4.68 0.57 10.78 0.54 0.46 18.74 8.53 27.26 29.70 1.09 
A7 14 0.55 11.37 5.91 0.67 13.80 5.02 0.57 11.05 0.54 0.46 18.84 8.69 27.53 35.30 1.28 
A8 15 0.55 11.37 5.91 0.70 13.34 3.37 0.57 9.77 0.52 0.48 18.29 7.91 26.20 32.60 1.24 
A9 16 0.55 11.37 5.91 0.70 13.34 3.37 0.57 9.77 0.52 0.48 18.29 7.91 26.20 31.95 1.22 
B3 17 0.55 11.37 5.91 0.75 12.49 1.69 0.58 8.47 0.49 0.51 17.50 7.17 24.67 27.60 1.12 
B4 18 0.55 11.37 5.91 0.75 12.49 1.69 0.58 8.47 0.49 0.51 17.50 7.17 24.67 26.25 1.06 
B5 19 0.55 11.37 5.91 0.67 13.80 5.02 0.57 11.05 0.54 0.46 18.84 8.69 27.53 34.85 1.27 
B6 20 0.55 11.37 5.91 0.67 13.80 5.02 0.57 11.05 0.54 0.46 18.84 8.69 27.53 34.80 1.26 
B7 21 0.55 11.37 5.91 0.73 12.85 2.17 0.58 8.85 0.50 0.50 17.79 7.38 25.17 29.55 1.17 
B8 22 0.55 11.37 5.91 0.73 12.85 2.17 0.58 8.85 0.50 0.50 17.79 7.38 25.17 30.80 1.22 
D 23 0.60 37.25 40.94 0.78 37.99 8.25 0.61 52.41 0.75 0.25 65.66 49.52 115.18 137.50 1.19 
B5* 24 0.74 4.36 4.53 0.96 4.99 1.55 0.77 6.52 0.82 0.18 8.47 6.17 14.64 23.50 1.61 
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Table E.4 Calculated debonding loads according to proposed debonding model, FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Vexp      
(kN) Vexp/Vdebond ra 
VBeam,a        
(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II     
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond 
(kN) 
B9* 25 0.74 4.36 4.53 0.88 5.30 3.66 0.75 8.12 0.84 0.16 8.80 7.54 16.34 25.60 1.57 
2Au 26 0.68 4.46 4.09 0.88 5.09 1.47 0.71 5.95 0.99 0.01 9.51 5.93 15.44 19.30 1.25 
3Au 27 0.62 4.41 3.67 0.80 4.93 1.29 0.64 5.29 0.99 0.01 9.30 5.28 14.58 19.50 1.34 
3Bu 28 0.62 4.41 3.67 0.80 4.94 1.31 0.64 5.31 0.99 0.01 9.31 5.29 14.61 17.30 1.18 
3Cu 29 0.62 4.41 3.67 0.80 4.95 1.29 0.64 5.30 0.99 0.01 9.32 5.29 14.60 15.40 1.05 
B2# 30 0.74 32.32 47.27 0.85 35.38 27.32 0.74 74.29 0.80 0.20 60.45 68.76 129.21 148.00 1.15 
B3# 31 0.74 33.03 47.27 0.85 36.14 27.19 0.74 74.18 0.80 0.20 61.76 68.67 130.43 140.00 1.07 
SM3 32 0.71 15.15 11.16 0.92 26.30 27.40 0.77 34.46 0.71 0.29 33.69 27.60 61.29 55.95 0.91 
SM4 33 0.71 15.15 11.16 0.92 26.30 27.40 0.77 34.46 0.71 0.29 33.69 27.60 61.29 79.05 1.29 
ST2 34 0.71 15.15 11.16 0.92 26.30 27.40 0.77 34.46 0.71 0.29 33.69 27.60 61.29 64.05 1.05 
ST4 35 0.71 15.15 11.16 0.88 26.70 42.87 0.75 44.49 0.74 0.26 34.78 35.67 70.44 78.10 1.11 
MM3 36 0.73 19.69 21.10 0.91 24.10 12.51 0.76 34.79 0.73 0.27 37.23 31.06 68.29 70.00 1.03 
A1b 37 0.74 5.01 4.53 0.95 5.77 1.67 0.77 6.61 0.82 0.18 9.77 6.25 16.02 23.60 1.47 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
1/1 1 0.66 6.90 19.28 0.83 10.16 24.29 0.69 40.68 1.00 0.00 17.06 40.68 57.74 23.33 
1/2 2 0.63 6.83 18.12 0.78 9.89 22.47 0.66 37.99 1.00 0.00 16.72 37.99 54.71 24.07 
2/1 3 0.67 6.34 19.48 0.75 8.34 35.57 0.66 48.11 1.00 0.00 14.67 48.11 62.78 27.62 
2/2 4 0.67 6.34 19.48 0.75 8.34 35.57 0.66 48.11 1.00 0.00 14.67 48.11 62.78 27.62 
3/1 5 0.67 5.75 19.48 0.78 7.56 22.47 0.68 38.94 1.00 0.00 13.31 38.94 52.24 22.98 
3/2 6 0.67 5.75 19.48 0.78 7.56 22.47 0.68 38.94 1.00 0.00 13.31 38.94 52.24 22.98 
3/3 7 0.67 5.75 19.48 0.78 7.56 22.47 0.68 38.94 1.00 0.00 13.31 38.94 52.24 22.98 
3/4 8 0.67 5.75 19.48 0.78 7.56 22.47 0.68 38.94 1.00 0.00 13.31 38.94 52.24 22.98 
4/1 9 0.67 7.29 19.48 0.75 9.59 35.57 0.66 48.11 1.00 0.00 16.88 48.11 64.99 28.59 
4/2 10 0.67 7.29 19.48 0.75 9.59 35.57 0.66 48.11 1.00 0.00 16.88 48.11 64.99 28.59 
4/3 11 0.67 7.21 19.48 0.75 9.48 35.57 0.66 48.11 1.00 0.00 16.69 48.11 64.80 28.51 
4/4 12 0.67 7.21 19.48 0.75 9.48 35.57 0.66 48.11 1.00 0.00 16.69 48.11 64.80 28.51 
5/1 13 0.67 7.21 19.48 0.75 9.48 35.57 0.66 48.11 1.00 0.00 16.69 48.11 64.80 28.51 
5/2 14 0.67 7.21 19.48 0.75 9.48 35.57 0.66 48.11 1.00 0.00 16.69 48.11 64.80 28.51 
5/3 15 0.67 7.13 19.48 0.75 9.37 35.57 0.66 48.11 1.00 0.00 16.50 48.11 64.61 28.42 
5/4 16 0.67 7.13 19.48 0.75 9.37 35.57 0.66 48.11 1.00 0.00 16.50 48.11 64.61 28.42 
6/1 17 0.67 6.52 19.48 0.75 8.58 35.57 0.66 48.11 1.00 0.00 15.10 48.11 63.21 27.80 
6/2 18 0.67 6.52 19.48 0.75 8.58 35.57 0.66 48.11 1.00 0.00 15.10 48.11 63.21 27.80 
6/3 19 0.67 6.52 19.48 0.75 8.58 35.57 0.66 48.11 1.00 0.00 15.10 48.11 63.21 27.80 
6/4 20 0.67 6.52 19.48 0.75 8.58 35.57 0.66 48.11 1.00 0.00 15.10 48.11 63.21 27.80 
7/1 21 0.85 9.52 27.02 0.91 12.07 46.71 0.82 65.39 1.00 0.00 21.59 65.39 86.98 38.19 
7/2 22 0.85 9.52 27.02 0.91 12.07 46.71 0.82 65.39 1.00 0.00 21.59 65.39 86.98 38.19 
7/3 23 0.85 9.38 27.02 0.91 11.90 46.71 0.82 65.39 1.00 0.00 21.28 65.39 86.67 38.05 
7/4 24 0.85 9.38 27.02 0.91 11.90 46.71 0.82 65.39 1.00 0.00 21.28 65.39 86.67 38.05 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
8/1 25 0.85 9.79 27.02 0.91 12.41 46.71 0.82 65.39 1.00 0.00 22.20 65.39 87.59 38.45 
8/2 26 0.85 9.79 27.02 0.91 12.41 46.71 0.82 65.39 1.00 0.00 22.20 65.39 87.59 38.45 
8/3 27 0.85 9.52 27.02 0.91 12.07 46.71 0.82 65.39 1.00 0.00 21.59 65.39 86.98 38.19 
8/4 28 0.85 9.52 27.02 0.91 12.07 46.71 0.82 65.39 1.00 0.00 21.59 65.39 86.98 38.19 
9/1 29 0.67 6.70 19.48 0.78 8.80 22.47 0.68 38.94 1.00 0.00 15.50 38.94 54.44 23.95 
9/2 30 0.67 6.70 19.48 0.78 8.80 22.47 0.68 38.94 1.00 0.00 15.50 38.94 54.44 23.95 
9/3 31 0.67 5.85 19.48 0.78 7.69 22.47 0.68 38.94 1.00 0.00 13.54 38.94 52.48 23.09 
9/4 32 0.67 5.85 19.48 0.78 7.69 22.47 0.68 38.94 1.00 0.00 13.54 38.94 52.48 23.09 
10/1 33 0.77 7.84 23.80 0.80 9.91 75.68 0.73 82.65 1.00 0.00 17.75 82.65 100.40 44.08 
10/2 34 0.77 7.84 23.80 0.80 9.91 75.68 0.73 82.65 1.00 0.00 17.75 82.65 100.40 44.08 
10/3 35 0.77 8.31 23.80 0.83 10.63 52.18 0.75 65.47 1.00 0.00 18.93 65.47 84.41 37.06 
10/4 36 0.77 8.31 23.80 0.83 10.63 52.18 0.75 65.47 1.00 0.00 18.93 65.47 84.41 37.06 
11/1 37 0.77 7.96 23.80 0.89 10.19 26.09 0.78 46.48 1.00 0.00 18.15 46.48 64.63 28.37 
11/2 38 0.77 7.96 23.80 0.89 10.19 26.09 0.78 46.48 1.00 0.00 18.15 46.48 64.63 28.37 
11/3 39 0.77 8.19 23.80 0.78 10.12 106.13 0.71 104.65 1.00 0.00 18.31 104.65 122.96 53.98 
11/4 40 0.77 8.19 23.80 0.78 10.12 106.13 0.71 104.65 1.00 0.00 18.31 104.65 122.96 53.98 
12/1 41 0.77 7.47 23.71 0.81 9.56 64.84 0.74 74.58 1.00 0.00 17.03 74.58 91.61 40.37 
12/2 42 0.84 7.83 27.09 0.95 10.50 41.61 0.84 61.42 1.00 0.00 18.33 61.42 79.75 30.44 
12/3 43 1.00 10.85 43.05 1.00 17.06 41.54 1.00 78.82 1.00 0.00 27.91 78.82 106.74 27.87 
12/4 44 0.79 8.25 24.34 0.85 10.76 52.34 0.76 66.10 1.00 0.00 19.01 66.10 85.11 36.42 
13/6 45 0.97 12.25 34.57 1.00 14.67 57.37 0.93 81.31 1.00 0.00 26.92 81.31 108.23 40.08 
13/7 46 1.00 17.94 48.26 1.00 21.08 79.07 1.00 109.34 1.00 0.00 39.02 109.34 148.36 54.94 
13/9 47 0.82 8.93 25.93 0.94 10.73 18.83 0.82 42.79 1.00 0.00 19.66 42.79 62.45 23.12 
13/10 48 0.82 8.93 25.93 0.94 10.73 18.83 0.82 42.79 1.00 0.00 19.66 42.79 62.45 23.12 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
13/11 49 0.82 7.79 25.93 0.87 9.42 43.11 0.79 60.93 1.00 0.00 17.21 60.93 78.14 28.94 
13/13 50 0.69 6.42 20.48 0.89 9.21 16.95 0.73 37.32 1.00 0.00 15.63 37.32 52.95 21.70 
13/14 51 0.69 6.42 20.48 0.82 9.30 38.94 0.71 51.63 1.00 0.00 15.72 51.63 67.35 27.60 
13/15 52 0.64 5.83 28.94 0.87 8.59 16.40 0.69 47.60 1.00 0.00 14.41 47.60 62.01 26.29 
13/16 53 0.64 5.83 28.94 0.80 8.68 37.70 0.67 60.30 1.00 0.00 14.50 60.30 74.80 31.72 
13/17 54 0.83 6.36 27.12 1.00 14.06 87.88 0.91 87.33 1.00 0.00 20.42 87.33 107.75 26.23 
13/18 55 0.83 6.36 27.12 1.00 15.08 35.19 0.94 60.91 1.00 0.00 21.44 60.91 82.35 20.05 
13/19 56 0.77 7.15 13.00 0.92 10.18 18.03 0.79 29.00 1.00 0.00 17.33 29.00 46.33 17.88 
13/20 57 0.77 7.15 13.00 0.85 10.26 41.33 0.75 45.33 1.00 0.00 17.41 45.33 62.74 24.21 
1/2/S 58 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 0.71 0.29 18.47 39.92 58.39 32.11 
1/2/N 59 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 0.57 0.43 16.70 35.74 52.44 28.84 
1/3/S 60 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 0.28 0.72 13.15 27.38 40.53 22.29 
1/3/N 61 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 0.00 1.00 9.67 19.18 28.85 15.87 
1/4/S 62 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 0.86 0.14 20.24 44.10 64.34 35.39 
2/1/S 63 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.78 0.22 20.17 42.01 62.18 34.20 
2/1/N 64 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.14 0.86 11.86 23.20 35.05 19.28 
2/2/N 65 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.14 0.86 11.86 23.20 35.05 19.28 
2/2/S 66 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.78 0.22 20.17 42.01 62.18 34.20 
2/3/N 67 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.14 0.86 11.86 23.20 35.05 19.28 
2/3/S 68 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.78 0.22 20.17 42.01 62.18 34.20 
2/4/N 69 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.14 0.86 11.86 23.20 35.05 19.28 
2/4/S 70 0.66 10.08 19.18 0.73 12.86 35.43 0.65 48.28 0.78 0.22 20.17 42.01 62.18 34.20 
5/1/N 71 0.66 10.25 19.18 0.73 13.09 35.43 0.65 48.28 0.00 1.00 10.25 19.18 29.43 16.19 
5/1/S 72 0.66 10.25 19.18 0.73 13.09 35.43 0.65 48.28 0.57 0.43 17.70 35.74 53.44 29.39 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
6/1/- 73 0.48 10.43 13.83 0.53 12.77 24.48 0.47 34.16 0.00 1.00 10.43 13.83 24.26 22.44 
6/2/- 74 0.48 10.43 13.83 0.53 12.77 24.48 0.47 34.16 0.00 1.00 10.43 13.83 24.26 22.44 
6/3/- 75 0.43 10.59 12.48 0.47 12.82 21.87 0.42 30.65 0.00 1.00 10.59 12.48 23.07 25.96 
6/4/- 76 0.41 10.69 11.97 0.45 12.89 20.88 0.40 29.32 0.00 1.00 10.69 11.97 22.66 27.76 
7/1/N 77 0.38 10.52 11.23 0.42 12.61 19.49 0.37 27.41 0.00 1.00 10.52 11.23 21.75 30.45 
7/1/S 78 0.38 10.52 11.23 0.42 12.61 19.49 0.37 27.41 0.00 1.00 10.52 11.23 21.75 30.45 
8/1/N 79 0.34 9.66 10.29 0.37 11.51 17.74 0.33 24.99 0.00 1.00 9.66 10.29 19.95 33.92 
8/1/S 80 0.34 9.66 10.29 0.37 11.51 17.74 0.33 24.99 0.00 1.00 9.66 10.29 19.95 33.92 
1/1/N* 81 0.66 9.67 19.18 0.73 12.34 35.43 0.65 48.28 1.00 0.00 21.98 48.19 70.18 38.60 
7/2/* 82 0.46 10.15 13.26 0.51 12.36 23.37 0.45 32.68 1.00 0.00 22.48 32.63 55.11 55.11 
8/2/* 83 0.54 8.97 15.29 0.59 11.10 27.41 0.53 38.01 1.00 0.00 20.04 37.95 57.99 44.94 
PB4 84 0.86 19.54 9.38 0.81 25.03 48.69 0.76 50.00 0.63 0.37 35.38 35.08 70.45 59.89 
PB410 85 0.86 20.53 9.38 0.81 26.29 48.69 0.76 50.00 0.63 0.37 37.17 35.08 72.24 61.41 
PB420 86 0.86 20.37 9.38 0.81 26.09 48.69 0.76 50.00 0.63 0.37 36.88 35.08 71.96 61.16 
PB5 87 0.83 18.99 9.07 0.81 25.45 48.69 0.75 48.71 0.63 0.37 35.00 34.02 69.02 58.67 
P510 88 0.83 19.09 9.07 0.81 25.59 48.69 0.75 48.71 0.63 0.37 35.19 34.02 69.21 58.83 
PB510A 89 0.83 19.52 9.07 0.81 26.16 48.69 0.75 48.71 0.63 0.37 35.98 34.02 70.00 59.50 
PB520 90 0.83 19.52 9.07 0.81 26.16 48.69 0.75 48.71 0.63 0.37 35.98 34.02 70.00 59.50 
PB520A 91 0.83 20.23 9.07 0.81 27.11 48.69 0.75 48.71 0.63 0.37 37.29 34.02 71.31 60.61 
PB6 92 0.80 17.96 8.61 0.81 25.82 48.69 0.74 46.85 0.62 0.38 34.08 32.49 66.57 56.58 
PB610 93 0.80 18.09 8.61 0.81 26.00 48.69 0.74 46.85 0.62 0.38 34.32 32.49 66.81 56.79 
PB620 94 0.80 18.29 8.61 0.81 26.29 48.69 0.74 46.85 0.62 0.38 34.71 32.49 67.20 57.12 
PB620A 95 0.80 17.91 8.61 0.81 25.75 48.69 0.74 46.85 0.62 0.38 33.99 32.49 66.48 56.51 
PB7 96 0.86 20.37 9.38 0.81 26.09 48.69 0.76 50.00 0.63 0.37 36.88 35.08 71.96 61.16 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
PB710 97 0.86 20.69 9.38 0.81 26.49 48.69 0.76 50.00 0.63 0.37 37.45 35.08 72.53 61.65 
PB720 98 0.86 20.58 9.38 0.81 26.36 48.69 0.76 50.00 0.63 0.37 37.26 35.08 72.34 61.49 
PB8 99 0.83 19.60 9.07 0.81 26.27 48.69 0.75 48.71 0.63 0.37 36.13 34.02 70.15 59.63 
PB810 100 0.83 19.97 9.07 0.81 26.76 48.69 0.75 48.71 0.63 0.37 36.81 34.02 70.82 60.20 
PB820 101 0.83 20.57 9.07 0.81 27.57 48.69 0.75 48.71 0.63 0.37 37.92 34.02 71.93 61.14 
PB9 102 0.80 19.24 8.61 0.81 27.65 48.69 0.74 46.85 0.62 0.38 36.50 32.49 68.99 58.64 
PB910 103 0.80 18.89 8.61 0.81 27.16 48.69 0.74 46.85 0.62 0.38 35.85 32.49 68.33 58.08 
PB920 104 0.80 19.40 8.61 0.81 27.89 48.69 0.74 46.85 0.62 0.38 36.81 32.49 69.30 58.90 
P16 105 0.80 22.85 18.21 0.81 28.14 48.69 0.75 58.65 0.66 0.34 41.35 44.80 86.15 73.23 
P17 106 0.78 21.20 17.60 0.81 27.33 48.69 0.74 57.40 0.66 0.34 39.10 43.67 82.78 70.36 
P18 107 0.75 19.63 16.71 0.81 27.16 48.69 0.73 55.62 0.65 0.35 37.33 42.06 79.39 67.48 
P22 108 1.00 22.25 12.13 0.97 30.57 65.80 0.91 65.25 1.00 0.00 52.82 65.25 118.07 73.79 
P23 109 0.76 18.91 7.99 0.74 25.02 41.77 0.68 42.76 0.65 0.35 35.15 30.55 65.70 65.70 
P24 110 0.91 21.26 28.93 0.97 28.62 66.41 0.88 82.44 1.00 0.00 49.88 82.44 132.32 82.70 
P25 111 0.68 20.06 19.43 0.73 25.53 42.16 0.66 54.32 0.00 1.00 20.06 19.43 39.49 39.49 
PB110 112 0.86 20.64 9.38 0.81 26.43 48.69 0.76 50.00 0.63 0.37 37.36 35.08 72.43 61.57 
F1-15-12 113 0.75 8.54 8.42 0.96 12.03 7.22 0.79 16.14 0.09 0.91 9.57 9.08 18.65 7.46 
F2-15-12 114 0.75 9.33 8.42 0.90 13.63 13.98 0.77 20.86 0.18 0.82 11.76 10.64 22.40 8.96 
F3-15-12 115 0.75 8.54 8.42 0.87 12.68 20.43 0.76 25.43 0.25 0.75 11.65 12.59 24.24 9.70 
F1-5-12 116 0.75 9.13 8.42 0.96 12.86 7.22 0.79 16.14 0.70 0.30 18.07 13.79 31.85 12.74 
F2-5-12 117 0.75 8.54 8.42 0.90 12.49 13.98 0.77 20.86 0.73 0.27 17.61 17.46 35.06 14.03 
F3-5-12 118 0.75 8.79 8.42 0.87 13.05 20.43 0.76 25.43 0.75 0.25 18.55 21.15 39.70 15.88 
F1-15-6 119 0.75 9.42 8.42 0.96 13.27 7.22 0.79 16.14 0.09 0.91 10.55 9.08 19.63 7.85 
F2-15-6 120 0.75 9.19 8.42 0.90 13.43 13.98 0.77 20.86 0.18 0.82 11.58 10.64 22.22 8.89 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
F3-15-6 121 0.75 9.19 8.42 0.87 13.64 20.43 0.76 25.43 0.25 0.75 12.53 12.59 25.12 10.05 
F1-5-6 122 0.75 9.42 8.42 0.96 13.27 7.22 0.79 16.14 0.70 0.30 18.64 13.79 32.43 12.97 
F2-5-6 123 0.75 9.13 8.42 0.90 13.35 13.98 0.77 20.86 0.73 0.27 18.83 17.46 36.29 14.51 
F3-5-6 124 0.75 9.20 8.42 0.87 13.65 20.43 0.76 25.43 0.75 0.25 19.42 21.15 40.56 16.22 
F1-15-3 125 0.75 8.93 8.42 0.96 12.58 7.22 0.79 16.14 0.09 0.91 10.01 9.08 19.09 7.64 
F2-15-3 126 0.75 9.19 8.42 0.90 13.43 13.98 0.77 20.86 0.18 0.82 11.58 10.64 22.22 8.89 
F3-15-3 127 0.75 9.39 8.42 0.87 13.95 20.43 0.76 25.43 0.25 0.75 12.82 12.59 25.40 10.16 
F1-5-3 128 0.75 9.39 8.42 0.96 13.24 7.22 0.79 16.14 0.70 0.30 18.60 13.79 32.38 12.95 
F2-5-3 129 0.75 8.62 8.42 0.90 12.61 13.98 0.77 20.86 0.73 0.27 17.78 17.46 35.23 14.09 
F3-5-3 130 0.75 8.62 8.42 0.87 12.80 20.43 0.76 25.43 0.75 0.25 18.21 21.15 39.35 15.74 
S1-10-20 131 0.69 9.13 17.15 0.96 12.63 7.22 0.75 27.32 0.51 0.49 15.61 22.37 37.97 15.19 
S3-15-20 132 0.69 9.34 17.15 0.87 13.61 20.43 0.73 35.96 0.35 0.65 14.17 23.83 37.99 15.20 
S1-15-12 133 0.69 8.52 17.15 0.96 11.79 7.22 0.75 27.32 0.27 0.73 11.70 19.89 31.58 12.63 
S1-10-12 134 0.69 8.52 17.15 0.96 11.79 7.22 0.75 27.32 0.51 0.49 14.57 22.37 36.93 14.77 
S2-5-12 135 0.69 8.52 17.15 0.90 12.23 13.98 0.74 31.70 0.77 0.23 17.97 28.39 46.35 18.54 
14 136 0.65 14.64 10.09 0.70 17.74 16.55 0.64 23.87 0.00 1.00 14.64 10.09 24.73 24.73 
15 137 0.65 14.72 10.09 0.75 17.03 8.31 0.65 18.07 0.00 1.00 14.72 10.09 24.80 24.80 
16 138 0.65 14.72 10.09 0.70 17.84 16.55 0.64 23.87 0.00 1.00 14.72 10.09 24.80 24.80 
17 139 0.65 14.83 10.09 0.70 17.97 16.55 0.64 23.87 0.00 1.00 14.83 10.09 24.92 24.92 
18 140 0.65 14.97 10.09 0.70 18.14 16.55 0.64 23.87 0.00 1.00 14.97 10.09 25.06 25.06 
19 141 0.65 14.78 10.09 0.79 16.48 5.03 0.66 15.48 0.00 1.00 14.78 10.09 24.87 24.87 
F12 142 0.68 18.13 46.59 0.89 20.86 11.97 0.70 61.76 0.88 0.12 36.52 59.96 96.48 74.00 
F13 143 0.68 17.80 46.59 0.89 20.48 11.97 0.70 61.76 0.88 0.12 35.85 59.96 95.82 73.49 
F14 144 0.68 17.64 46.59 0.89 20.31 11.97 0.70 61.76 0.88 0.12 35.55 59.96 95.51 73.26 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
F22 145 0.68 17.63 46.59 0.89 20.29 11.97 0.70 61.76 0.88 0.12 35.51 59.96 95.48 73.23 
F23 146 0.68 17.68 46.59 0.89 20.35 11.97 0.70 61.76 0.88 0.12 35.62 59.96 95.58 73.31 
F24 147 0.68 17.63 46.59 0.89 20.29 11.97 0.70 61.76 0.88 0.12 35.51 59.96 95.48 73.23 
BCRP10 148 0.69 14.35 31.65 0.82 17.12 20.56 0.70 53.03 0.88 0.12 29.34 50.36 79.70 61.13 
BCRP12 149 0.69 14.24 31.65 0.88 16.33 10.61 0.71 44.93 0.87 0.13 28.38 43.15 71.52 54.86 
P7 150 0.86 20.23 9.38 0.81 25.91 48.69 0.76 50.00 0.63 0.37 36.62 35.08 71.70 60.94 
P8 151 0.83 20.06 9.07 0.81 26.89 48.69 0.75 48.71 0.63 0.37 36.99 34.02 71.01 60.36 
P9 152 0.80 19.19 8.61 0.81 27.59 48.69 0.74 46.85 0.62 0.38 36.42 32.49 68.90 58.57 
3 153 0.65 14.09 10.09 0.70 17.07 16.55 0.64 23.87 0.00 1.00 14.09 10.09 24.18 24.18 
4 154 0.65 15.08 10.09 0.70 18.27 16.55 0.64 23.87 0.00 1.00 15.08 10.09 25.16 25.16 
5 155 0.65 14.50 10.09 0.70 17.57 16.55 0.64 23.87 0.00 1.00 14.50 10.09 24.58 24.58 
6 156 0.65 13.84 10.09 0.70 16.77 16.55 0.64 23.87 0.00 1.00 13.84 10.09 23.93 23.93 
7 157 0.65 14.51 10.09 0.70 17.58 16.55 0.64 23.87 0.00 1.00 14.51 10.09 24.60 24.60 
8 158 0.65 14.42 10.09 0.70 17.47 16.55 0.64 23.87 0.00 1.00 14.42 10.09 24.50 24.50 
10 159 0.65 14.99 10.09 0.75 17.34 8.31 0.65 18.07 0.00 1.00 14.99 10.09 25.07 25.07 
11 160 0.65 15.25 10.09 0.72 18.24 13.64 0.64 22.19 0.00 1.00 15.25 10.09 25.33 25.33 
13 161 0.65 14.69 10.09 0.71 17.74 14.77 0.64 22.53 0.00 1.00 14.69 10.09 24.77 24.77 
3b 162 0.68 5.43 11.22 0.74 7.03 26.64 0.66 32.91 0.75 0.25 10.68 27.41 38.08 17.33 
4a 163 0.75 4.99 5.35 0.74 6.50 26.64 0.68 27.38 0.72 0.28 9.68 21.24 30.92 14.07 
P1 164 0.88 21.05 9.64 0.81 25.99 47.15 0.77 51.05 0.64 0.36 37.56 35.95 73.51 62.48 
P2 165 0.85 19.96 9.32 0.81 25.79 47.15 0.76 49.74 0.63 0.37 36.26 34.86 71.12 60.45 
P2A 166 0.85 21.40 9.32 0.81 27.64 47.15 0.76 49.74 0.63 0.37 38.87 34.86 73.73 62.67 
P3A 167 0.82 19.12 8.86 0.81 26.46 47.15 0.75 47.83 0.63 0.37 35.72 33.29 69.01 58.66 
P10 168 0.84 22.35 14.23 0.81 26.94 48.69 0.76 55.40 0.65 0.35 39.81 40.91 80.72 68.61 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
P11 169 0.82 21.78 13.76 0.81 27.46 48.69 0.75 54.10 0.65 0.35 39.50 39.79 79.29 67.39 
P12 170 0.79 20.23 13.07 0.81 27.33 48.69 0.74 52.23 0.64 0.36 37.75 38.17 75.93 64.54 
P14 171 0.80 22.68 18.09 0.81 28.18 48.69 0.75 58.40 0.66 0.34 41.19 44.57 85.76 72.90 
P19 172 0.78 22.52 27.36 0.81 26.34 48.69 0.74 68.07 0.68 0.32 40.40 54.99 95.39 81.08 
P21 173 0.73 20.39 25.11 0.81 26.76 48.02 0.72 65.01 0.67 0.33 38.44 52.03 90.47 76.90 
URB5 174 0.50 7.37 5.58 0.49 8.68 26.92 0.45 27.94 0.64 0.36 12.91 19.83 32.73 27.82 
B1 175 0.50 8.48 5.46 0.55 10.80 11.59 0.49 15.50 0.00 1.00 8.48 5.46 13.93 11.84 
C11 176 0.51 8.21 3.58 0.57 9.90 5.06 0.51 8.19 0.00 1.00 8.21 3.58 11.79 10.03 
C12 177 0.51 8.21 3.58 0.57 9.90 5.06 0.51 8.19 0.00 1.00 8.21 3.58 11.79 10.03 
MF1 178 0.48 8.85 7.68 0.55 11.12 11.59 0.48 17.93 0.00 1.00 8.85 7.68 16.53 14.05 
FRB5 179 0.50 8.48 5.46 0.57 10.60 7.90 0.50 12.64 0.00 1.00 8.48 5.46 13.93 11.84 
URB4 180 0.50 7.37 5.58 0.52 8.74 14.60 0.47 17.99 0.55 0.45 12.15 12.36 24.51 20.84 
F31 181 0.64 18.31 43.16 0.73 22.16 40.49 0.64 78.23 0.74 0.26 34.68 69.06 103.74 88.18 
205 182 0.64 20.46 43.16 0.73 24.76 40.49 0.64 78.23 0.74 0.26 38.75 69.06 107.81 91.64 
209 183 0.64 20.46 43.16 0.73 24.76 40.49 0.64 78.23 0.74 0.26 38.75 69.06 107.81 91.64 
218 184 0.64 20.46 43.16 0.73 24.76 40.49 0.64 78.23 0.74 0.26 38.75 69.06 107.81 91.64 
204 185 0.64 20.46 43.16 0.78 24.18 21.23 0.65 64.27 0.71 0.29 37.68 58.20 95.88 81.50 
208 186 0.64 20.46 43.16 0.78 24.18 21.23 0.65 64.27 0.71 0.29 37.68 58.20 95.88 81.50 
217 187 0.64 20.46 43.16 0.78 24.18 21.23 0.65 64.27 0.71 0.29 37.68 58.20 95.88 81.50 
203 188 0.64 20.46 43.16 0.83 23.25 10.95 0.66 56.99 0.70 0.30 36.63 52.78 89.42 76.00 
C3 189 0.51 8.21 3.58 0.57 9.90 5.06 0.51 8.19 0.00 1.00 8.21 3.58 11.79 10.03 
C5 190 0.51 8.21 3.58 0.57 9.90 5.06 0.51 8.19 0.00 1.00 8.21 3.58 11.79 10.03 
C7 191 0.50 7.29 32.78 0.74 10.19 6.77 0.54 44.55 0.88 0.12 16.23 43.11 59.35 32.64 
C16 192 0.50 7.29 32.78 0.74 10.19 6.77 0.54 44.55 0.88 0.12 16.23 43.11 59.35 32.64 
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Table E.5 Calculated debonding loads according to the proposed debonding model, all steel plated beams  
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Beam a Beam b Plated beam debonding 
Mdebond 
(kN) ra 
VBeam,a     
(kN) 
VArch,a 
(kN) rp 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot VArch,II (kN) α β VBeam (kN) VArch        (kN) V debond (kN) 
FRB2 193 0.59 7.49 56.17 0.96 11.46 7.20 0.65 79.28 0.86 0.14 17.34 76.03 93.37 37.35 
URB2 194 0.46 6.98 20.06 0.62 8.40 5.13 0.48 26.60 0.87 0.13 14.26 25.72 39.98 29.98 
B10 195 0.59 7.49 56.17 0.92 11.73 10.61 0.65 80.87 0.86 0.14 17.59 77.44 95.03 38.01 
URB3 196 0.46 8.67 20.06 0.58 10.76 9.86 0.48 29.61 0.87 0.13 18.07 28.40 46.47 34.85 
F11 197 0.59 16.35 114.71 0.89 21.15 11.97 0.62 142.07 0.92 0.08 35.90 140.00 175.90 134.91 
207 198 0.59 18.48 114.71 0.89 23.90 11.97 0.62 142.07 0.92 0.08 40.57 140.00 180.57 138.50 
216 199 0.59 18.48 114.71 0.89 23.90 11.97 0.62 142.07 0.92 0.08 40.57 140.00 180.57 138.50 
O 200 0.54 15.65 152.64 0.84 24.94 24.74 0.58 207.90 0.78 0.22 35.20 195.97 231.17 211.52 
P 201 0.54 15.65 152.64 0.84 24.87 23.40 0.58 207.37 1.00 0.00 40.49 207.32 247.81 226.75 
FRB6 202 0.73 7.12 8.17 0.90 10.79 13.93 0.76 20.59 0.73 0.27 14.94 17.17 32.12 12.85 
FRB8 203 0.73 7.12 8.17 0.86 10.96 20.36 0.75 25.01 0.75 0.25 15.31 20.76 36.06 14.42 
 
 
 
APPENDIX E: INTERFACE DEBONDING VERIFICATION DATABASE 
 
247 
 
Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
A2 1 0.55 5.94 5.98 0.77 6.03 0.86 0.57 7.65 0.00 1.00 5.94 5.98 11.92 10.49 
A3 2 0.55 5.94 5.98 0.72 6.45 1.73 0.57 8.31 0.00 1.00 5.94 5.98 11.92 10.49 
A5 3 0.55 5.94 5.98 0.77 6.03 0.86 0.57 7.65 0.00 1.00 5.94 5.98 11.92 10.49 
A7 4 0.55 5.94 5.98 0.77 6.03 0.86 0.57 7.65 0.00 1.00 5.94 5.98 11.92 10.49 
A8 5 0.57 5.82 3.91 0.77 6.03 0.86 0.60 5.26 0.00 1.00 5.82 3.91 9.73 8.56 
B2 6 0.57 6.00 9.01 0.83 6.08 0.94 0.60 11.26 0.00 1.00 6.00 9.01 15.01 11.71 
B3 7 0.57 6.00 9.01 0.77 6.50 1.87 0.59 11.94 0.00 1.00 6.00 9.01 15.01 11.71 
B5 8 0.57 6.00 9.01 0.83 6.08 0.94 0.60 11.26 0.00 1.00 6.00 9.01 15.01 11.71 
B7 9 0.57 6.00 9.01 0.83 6.08 0.94 0.60 11.26 0.00 1.00 6.00 9.01 15.01 11.71 
B11 10 0.77 107.54 128.12 1.00 107.74 20.78 0.79 156.95 0.12 0.88 120.21 131.51 251.72 604.12 
B12 11 0.77 107.54 128.12 1.00 107.74 20.78 0.79 156.95 0.12 0.88 120.21 131.51 251.72 604.12 
B21 12 0.77 26.92 33.91 1.00 26.87 5.19 0.78 41.25 0.14 0.86 30.55 34.90 65.46 78.55 
B22 13 0.77 26.92 33.91 1.00 26.87 5.19 0.78 41.25 0.14 0.86 30.55 34.90 65.46 78.55 
B31 14 0.73 6.20 8.28 1.00 6.68 1.29 0.76 10.63 0.15 0.85 7.19 8.63 15.82 9.49 
B32 15 0.73 6.20 8.28 1.00 6.68 1.29 0.76 10.63 0.15 0.85 7.19 8.63 15.82 9.49 
C1-1 16 0.71 24.74 82.17 0.99 28.29 10.75 0.73 101.60 0.79 0.21 47.22 97.62 144.84 108.63 
C1-2 17 0.71 24.74 82.17 0.99 28.29 10.75 0.73 101.60 0.79 0.21 47.22 97.62 144.84 108.63 
C2-2 18 0.71 23.05 82.17 1.00 26.57 9.13 0.74 100.96 0.79 0.21 44.15 97.09 141.24 105.93 
G-2 19 0.71 22.32 82.17 0.94 26.46 19.08 0.73 106.88 0.80 0.20 43.48 101.94 145.42 109.07 
C3-1 20 0.71 26.13 82.17 0.95 31.67 18.23 0.73 107.96 0.80 0.20 51.48 102.81 154.29 115.72 
C3-2 21 0.71 26.13 82.17 0.95 31.67 18.23 0.73 107.96 0.80 0.20 51.48 102.81 154.29 115.72 
B2 22 0.63 14.42 6.31 0.75 16.58 4.38 0.64 10.93 1.00 0.00 31.00 10.93 41.94 27.97 
B3 23 0.63 14.42 6.31 0.78 16.06 3.09 0.65 9.89 1.00 0.00 30.49 9.89 40.37 26.93 
B4 24 0.63 14.86 6.31 0.80 16.04 2.24 0.65 9.20 1.00 0.00 30.89 9.20 40.09 26.74 
B1,2,3s 25 0.78 18.49 16.84 1.00 18.56 2.89 0.80 21.04 0.64 0.36 30.37 19.53 49.91 47.91 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
B2-12D-1L15 26 0.74 9.77 11.94 1.00 10.98 2.16 0.78 15.85 0.52 0.48 15.49 13.97 29.46 17.68 
B3-12D-2L15 27 0.74 9.77 11.94 0.96 11.30 4.15 0.77 17.38 0.54 0.46 15.85 14.87 30.72 18.43 
B4-12D-3L15 28 0.74 9.77 11.94 0.92 11.66 6.16 0.76 18.90 0.55 0.45 16.22 15.79 32.02 19.21 
B6-16D-1L10 29 0.69 9.53 20.18 1.00 10.74 1.51 0.74 25.38 1.00 0.00 20.26 25.38 45.64 27.39 
B7-16D-1L15 30 0.69 9.53 20.18 1.00 10.67 2.16 0.73 25.85 1.00 0.00 20.20 25.85 46.05 27.63 
B8-16D-2L15 31 0.69 9.53 20.18 0.96 10.98 4.15 0.73 27.28 1.00 0.00 20.51 27.28 47.79 28.67 
B10-20D-1L10 32 0.66 9.47 29.90 1.00 10.80 1.51 0.70 37.45 1.00 0.00 20.27 37.45 57.73 34.64 
B11-20D-1L15 33 0.66 9.47 29.90 1.00 10.74 2.16 0.70 37.89 1.00 0.00 20.21 37.89 58.10 34.86 
B12-20D-2L15 34 0.66 9.47 29.90 0.96 11.05 4.15 0.70 39.21 1.00 0.00 20.52 39.21 59.73 35.84 
CS-A 35 1.00 14.55 13.34 1.00 19.72 33.69 0.98 40.44 0.81 0.19 30.45 35.20 65.65 32.82 
CS-L1-A 36 1.00 15.51 13.09 1.00 21.98 21.12 1.00 30.35 0.78 0.22 32.70 26.59 59.28 29.64 
CS-L3-A 37 1.00 15.19 13.38 1.00 20.19 48.02 0.96 52.40 0.83 0.17 31.87 45.61 77.48 38.74 
CS-W50-A 38 1.00 16.72 13.46 1.00 23.80 15.28 1.00 26.65 0.77 0.23 34.99 23.59 58.58 29.29 
CS-W100-A 39 1.00 15.70 13.00 1.00 22.49 26.84 1.00 34.49 0.79 0.21 33.54 30.05 63.59 31.79 
CP-A 40 1.00 16.23 13.47 1.00 22.50 16.79 1.00 27.62 0.77 0.23 33.60 24.39 57.99 28.99 
GS-A 41 1.00 15.86 12.93 1.00 23.86 3.89 1.00 18.63 0.73 0.27 33.31 17.10 50.41 25.21 
CS-C10-A 42 1.00 16.38 15.45 1.00 18.66 35.70 1.00 44.79 0.81 0.19 31.53 39.28 70.82 35.41 
CS-C50-A 43 0.96 13.85 11.62 1.00 22.17 35.22 0.95 39.20 0.81 0.19 31.71 33.84 65.56 32.78 
CS-B 44 1.00 14.55 13.34 1.00 19.72 33.69 0.98 40.44 0.81 0.19 30.45 35.20 65.65 32.82 
CS-L1-B 45 1.00 15.51 13.09 1.00 21.98 21.12 1.00 30.35 0.78 0.22 32.70 26.59 59.28 29.64 
CS-L3-B 46 1.00 15.19 13.38 1.00 20.19 48.02 0.96 52.40 0.83 0.17 31.87 45.61 77.48 38.74 
CS-W50-B 47 1.00 16.72 13.46 1.00 23.80 15.28 1.00 26.65 0.77 0.23 34.99 23.59 58.58 29.29 
CS-W100-B 48 1.00 15.70 13.00 1.00 22.49 26.84 1.00 34.49 0.79 0.21 33.54 30.05 63.59 31.79 
CP-B 49 1.00 16.23 13.47 1.00 22.50 16.79 1.00 27.62 0.77 0.23 33.60 24.39 57.99 28.99 
GS-B 50 1.00 15.86 12.93 1.00 23.86 3.89 1.00 18.63 0.73 0.27 33.31 17.10 50.41 25.21 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
CS-C10-B 51 1.00 16.38 15.45 1.00 18.66 35.70 1.00 44.79 0.81 0.19 31.53 39.28 70.82 35.41 
CS-C50-B 52 0.96 13.85 11.62 1.00 22.17 35.22 0.95 39.20 0.81 0.19 31.71 33.84 65.56 32.78 
CS-NS-B 53 1.00 15.90 13.24 1.00 21.80 32.60 0.98 39.43 0.80 0.20 33.43 34.30 67.73 33.87 
A2 54 0.39 4.64 2.88 0.58 5.49 0.74 0.43 4.32 0.00 1.00 4.64 2.88 7.52 5.64 
A3 55 0.39 4.64 2.88 0.58 5.49 0.74 0.43 4.32 0.00 1.00 4.64 2.88 7.52 5.64 
B2 56 0.37 4.65 4.32 0.58 5.49 0.74 0.41 6.28 0.00 1.00 4.65 4.32 8.97 6.73 
B3 57 0.37 4.65 4.32 0.58 5.49 0.74 0.41 6.28 0.00 1.00 4.65 4.32 8.97 6.73 
C3 58 0.54 4.94 3.76 0.76 5.19 0.67 0.57 5.03 0.00 1.00 4.94 3.76 8.70 6.52 
C4 59 0.54 4.94 3.76 0.76 5.19 0.67 0.57 5.03 0.00 1.00 4.94 3.76 8.70 6.52 
D2 60 0.65 4.94 4.53 0.92 5.38 0.84 0.69 6.15 0.00 1.00 4.94 4.53 9.47 5.21 
D3 61 0.65 4.94 4.53 0.92 5.38 0.84 0.69 6.15 0.00 1.00 4.94 4.53 9.47 5.21 
A1-I 62 0.74 4.47 3.62 0.99 4.43 0.59 0.76 4.54 0.76 0.24 7.84 4.32 12.16 4.01 
A1-II 63 0.69 4.58 6.92 0.99 4.43 0.59 0.71 8.21 0.81 0.19 8.18 7.97 16.14 5.33 
A2-I 64 0.74 4.47 3.62 0.92 4.72 1.17 0.75 5.00 0.77 0.23 8.10 4.68 12.79 4.22 
A2-II 65 0.69 4.58 6.92 0.92 4.72 1.17 0.71 8.63 0.82 0.18 8.43 8.32 16.75 5.53 
A3-I 66 0.74 5.02 3.62 0.89 5.52 1.74 0.75 5.48 0.78 0.22 9.31 5.07 14.38 4.75 
A3-II 67 0.69 5.14 6.92 0.89 5.52 1.74 0.71 9.10 0.82 0.18 9.67 8.70 18.37 6.06 
A4-I 68 0.74 5.02 3.62 0.88 5.49 1.74 0.75 5.46 0.78 0.22 9.29 5.05 14.34 4.73 
A4-II 69 0.69 5.14 6.92 0.88 5.49 1.74 0.71 9.06 0.82 0.18 9.64 8.67 18.31 6.04 
A5-I 70 0.74 5.02 3.62 0.92 5.32 1.17 0.75 5.00 0.77 0.23 9.11 4.69 13.80 4.55 
A5-II 71 0.69 5.14 6.92 0.92 5.32 1.17 0.71 8.64 0.82 0.18 9.48 8.32 17.80 5.88 
A6-I 72 0.74 4.75 3.62 0.84 5.41 2.79 0.74 6.33 0.79 0.21 9.02 5.76 14.79 4.88 
2 73 0.74 4.12 1.65 0.95 4.22 0.45 0.76 2.25 0.31 0.69 5.44 1.83 7.27 3.33 
3 74 0.74 4.12 1.65 0.92 4.38 0.63 0.76 2.40 0.33 0.67 5.56 1.90 7.45 3.41 
4 75 0.74 4.12 1.65 0.81 4.87 2.11 0.73 3.64 0.43 0.57 6.20 2.50 8.69 3.98 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
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VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
5 76 0.74 4.12 1.65 0.81 4.87 2.11 0.73 3.64 0.43 0.57 6.20 2.50 8.69 3.98 
6 77 0.74 4.12 1.65 0.79 4.98 2.90 0.71 4.31 0.46 0.54 6.42 2.88 9.30 4.25 
7 78 0.74 4.12 1.65 0.79 4.98 2.90 0.71 4.31 0.46 0.54 6.42 2.88 9.30 4.25 
8 79 0.74 4.12 1.65 0.73 5.18 5.96 0.68 6.89 0.55 0.45 7.00 4.56 11.55 5.29 
F1 80 0.84 25.07 36.58 1.00 33.78 4.13 0.89 46.55 1.00 0.00 58.85 46.55 105.40 73.78 
F2 81 0.84 26.57 36.58 1.00 35.43 7.63 0.89 48.84 1.00 0.00 62.00 48.84 110.84 77.59 
F3 82 0.84 26.17 36.58 1.00 34.62 10.91 0.88 51.12 1.00 0.00 60.79 51.12 111.91 78.34 
F4 83 0.84 29.72 36.58 1.00 40.04 4.13 0.89 46.55 1.00 0.00 69.76 46.55 116.31 81.41 
F5 84 0.84 29.72 36.58 1.00 39.63 7.63 0.89 48.84 1.00 0.00 69.35 48.84 118.19 82.73 
F6 85 0.84 29.48 36.58 1.00 39.01 10.91 0.88 51.12 1.00 0.00 68.49 51.12 119.60 83.72 
F7 86 0.84 29.66 36.58 1.00 39.96 4.13 0.89 46.55 1.00 0.00 69.62 46.55 116.17 81.32 
F8 87 0.84 26.63 36.58 1.00 35.52 7.63 0.89 48.84 1.00 0.00 62.15 48.84 110.99 77.69 
F9 88 0.84 28.51 36.58 1.00 37.73 10.91 0.88 51.12 1.00 0.00 66.24 51.12 117.35 82.15 
1A 89 1.00 16.64 13.20 1.00 22.21 34.34 0.97 41.14 0.03 0.97 17.35 14.09 31.44 15.72 
1B 90 1.00 16.64 13.20 1.00 22.21 34.34 0.97 41.14 0.90 0.10 36.70 38.44 75.14 37.57 
2A 91 1.00 20.24 13.17 1.00 27.07 32.71 0.97 39.79 0.00 1.00 20.24 13.17 33.41 16.70 
2B 92 1.00 20.24 13.17 1.00 27.07 32.71 0.97 39.79 0.51 0.49 34.13 26.83 60.96 30.48 
3A 93 1.00 19.54 13.17 1.00 26.11 33.73 0.97 40.63 0.32 0.68 28.01 22.07 50.08 25.04 
3B 94 1.00 19.54 13.17 1.00 26.11 33.73 0.97 40.63 0.81 0.19 40.61 35.33 75.94 37.97 
4A 95 1.00 19.20 13.29 1.00 25.74 31.17 0.98 38.53 0.50 0.50 32.20 26.03 58.23 29.11 
4B 96 1.00 19.20 13.29 1.00 25.74 31.17 0.98 38.53 0.50 0.50 32.20 26.03 58.23 29.11 
5A 97 1.00 17.24 13.05 1.00 23.27 28.01 0.98 35.87 0.49 0.51 28.72 24.32 53.04 26.52 
5B 98 1.00 17.24 13.05 1.00 23.27 28.01 0.98 35.87 0.49 0.51 28.72 24.32 53.04 26.52 
6A 99 1.00 18.59 13.17 1.00 24.89 32.42 0.97 39.54 0.00 1.00 18.59 13.17 31.76 15.88 
6B 100 1.00 18.59 13.17 1.00 24.89 32.42 0.97 39.54 0.71 0.29 36.19 31.82 68.00 34.00 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
BBB1 101 0.87 12.27 10.05 1.00 15.80 1.87 0.91 13.08 0.12 0.88 14.21 10.42 24.63 12.32 
BBB2 102 0.87 12.27 10.05 1.00 15.80 1.87 0.91 13.08 0.12 0.88 14.21 10.42 24.63 12.32 
BBB3 103 0.87 12.27 10.05 1.00 15.80 1.87 0.91 13.08 0.12 0.88 14.21 10.42 24.63 12.32 
BBB4 104 0.87 12.27 10.05 1.00 15.65 3.46 0.90 14.25 0.15 0.85 14.64 10.69 25.32 12.66 
BBB5 105 0.87 12.27 10.05 1.00 15.65 3.46 0.90 14.25 0.15 0.85 14.64 10.69 25.32 12.66 
BBB6 106 0.87 12.27 10.05 1.00 15.65 3.46 0.90 14.25 0.15 0.85 14.64 10.69 25.32 12.66 
A3 107 0.66 7.18 11.15 0.93 7.36 1.36 0.69 13.77 0.87 0.13 13.62 13.44 27.05 13.53 
A4 108 0.66 7.18 11.15 0.93 7.36 1.36 0.69 13.77 0.87 0.13 13.62 13.44 27.05 13.53 
A5 109 0.66 7.18 11.15 0.86 7.82 2.69 0.68 14.75 0.88 0.12 14.05 14.31 28.35 14.18 
A6 110 0.66 7.18 11.15 0.86 7.82 2.69 0.68 14.75 0.88 0.12 14.05 14.31 28.35 14.18 
B3 111 0.66 28.71 44.58 0.93 29.34 5.33 0.69 54.90 0.87 0.13 54.35 53.60 107.95 107.95 
B4 112 0.66 28.71 44.58 0.93 29.34 5.33 0.69 54.90 0.87 0.13 54.35 53.60 107.95 107.95 
B5 113 0.66 28.71 44.58 0.86 31.18 10.58 0.68 58.77 0.88 0.12 56.07 57.03 113.10 113.10 
B6 114 0.66 28.71 44.58 0.86 31.18 10.58 0.68 58.77 0.88 0.12 56.07 57.03 113.10 113.10 
C3 115 0.66 73.96 113.41 0.92 76.23 13.79 0.68 140.59 0.87 0.13 140.58 137.16 277.74 444.39 
C4 116 0.66 73.96 113.41 0.92 76.23 13.79 0.68 140.59 0.87 0.13 140.58 137.16 277.74 444.39 
C5 117 0.66 73.96 113.41 0.86 80.99 27.33 0.68 150.51 0.88 0.12 145.04 145.97 291.00 465.60 
FG1 118 0.55 11.20 9.08 0.81 11.71 1.26 0.59 11.96 1.00 0.00 22.91 11.96 34.87 32.26 
FG2 119 0.55 11.20 9.08 0.76 12.60 2.52 0.59 12.92 1.00 0.00 23.79 12.92 36.72 33.96 
FG4 120 0.55 11.20 9.08 0.71 13.44 5.00 0.58 14.82 1.00 0.00 24.64 14.82 39.46 36.50 
FC1 121 0.55 11.20 9.08 0.76 12.50 2.41 0.59 12.81 1.00 0.00 23.70 12.81 36.51 33.77 
FC2 122 0.55 11.20 9.08 0.71 13.30 4.79 0.58 14.60 1.00 0.00 24.50 14.60 39.10 36.17 
A0 123 0.87 12.27 10.05 1.00 15.96 1.89 0.91 13.15 0.12 0.88 14.25 10.43 24.69 12.34 
A10 124 0.87 12.27 10.05 1.00 15.96 1.89 0.91 13.15 0.12 0.88 14.25 10.43 24.69 12.34 
A20 125 0.87 12.27 10.05 1.00 15.96 1.89 0.91 13.15 0.12 0.88 14.25 10.43 24.69 12.34 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
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VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
B0 126 0.87 12.27 10.05 1.00 15.80 3.49 0.90 14.32 0.15 0.85 14.68 10.70 25.38 12.69 
B10 127 0.87 12.27 10.05 1.00 15.80 3.49 0.90 14.32 0.15 0.85 14.68 10.70 25.38 12.69 
B20 128 0.87 12.27 10.05 1.00 15.80 3.49 0.90 14.32 0.15 0.85 14.68 10.70 25.38 12.69 
AF-1 129 0.81 32.37 23.27 1.00 33.91 0.83 0.84 26.11 0.44 0.56 47.42 24.53 71.95 76.77 
AF-2 130 0.81 32.37 23.27 1.00 33.91 0.83 0.84 26.11 0.44 0.56 47.42 24.53 71.95 76.77 
AF-3 131 0.81 32.37 23.27 1.00 33.91 0.83 0.84 26.11 0.44 0.56 47.42 24.53 71.95 76.77 
2 132 0.66 6.64 11.07 0.98 6.85 0.96 0.69 13.83 1.00 0.00 13.49 13.83 27.32 13.66 
3 133 0.66 6.64 11.07 0.92 7.32 1.91 0.69 14.50 1.00 0.00 13.96 14.50 28.46 14.23 
4 134 0.66 6.64 11.07 0.88 7.57 2.85 0.69 15.17 1.00 0.00 14.21 15.17 29.38 14.69 
5 135 0.66 6.64 11.07 0.85 7.74 3.77 0.68 15.83 1.00 0.00 14.37 15.83 30.21 15.10 
B4 136 0.66 34.93 20.24 0.79 37.76 9.73 0.67 30.82 0.82 0.18 65.87 28.91 94.78 137.43 
B5 137 0.65 29.41 20.08 0.86 28.58 3.24 0.67 25.14 0.82 0.18 52.78 24.22 77.00 111.65 
B6 138 0.65 29.41 20.08 0.87 28.91 3.26 0.67 25.37 0.82 0.18 53.07 24.41 77.48 112.35 
B2 139 0.63 14.42 6.31 0.75 16.58 4.38 0.64 10.93 1.00 0.00 31.00 10.93 41.94 27.97 
B3 140 0.63 14.42 6.31 0.78 16.06 3.09 0.65 9.89 1.00 0.00 30.49 9.89 40.37 26.93 
B4 141 0.63 14.86 6.31 0.80 16.04 2.24 0.65 9.20 1.00 0.00 30.89 9.20 40.09 26.74 
RB1 142 0.59 4.92 6.44 0.74 6.26 5.00 0.61 11.66 1.00 0.00 11.18 11.66 22.84 13.71 
RB2 143 0.59 4.92 6.44 0.74 6.26 5.00 0.61 11.66 1.00 0.00 11.18 11.66 22.84 13.71 
RB3 144 0.59 4.92 6.44 0.74 6.26 5.00 0.61 11.66 1.00 0.00 11.18 11.66 22.84 13.71 
RB4 145 0.59 4.92 6.44 0.74 6.26 5.00 0.61 11.66 1.00 0.00 11.18 11.66 22.84 13.71 
RB6 146 0.59 6.62 6.44 0.74 8.42 5.00 0.61 11.66 1.00 0.00 15.04 11.66 26.70 16.02 
B2 147 0.75 85.08 64.41 0.99 76.90 7.80 0.76 76.40 0.62 0.38 133.09 71.90 204.99 512.47 
B3 148 0.75 85.08 64.41 0.99 76.91 7.80 0.76 76.40 0.62 0.38 133.10 71.90 205.00 512.49 
B6 149 0.75 107.61 64.41 0.99 97.09 7.79 0.76 76.29 0.62 0.38 168.22 71.83 240.04 600.11 
B7 150 0.75 107.61 64.41 0.99 97.29 7.80 0.76 76.41 0.62 0.38 168.37 71.91 240.27 600.68 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
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(kN) 
VArch        
(kN) 
V debond  
(kN) 
E24-1P 151 0.71 6.59 13.76 1.00 9.02 1.49 0.78 18.99 1.00 0.00 15.61 18.99 34.60 13.84 
E24-2P 152 0.71 6.59 13.76 1.00 9.04 2.78 0.78 19.94 1.00 0.00 15.63 19.94 35.57 14.23 
E65-1P 153 0.71 6.59 13.76 1.00 8.86 3.54 0.77 20.34 1.00 0.00 15.45 20.34 35.79 14.32 
E65-2P 154 0.71 6.59 13.76 0.97 9.06 6.74 0.76 22.61 1.00 0.00 15.65 22.61 38.26 15.30 
C.1 155 0.56 5.73 8.94 0.81 6.92 2.31 0.61 13.11 1.00 0.00 12.65 13.11 25.76 15.71 
C.2 156 0.56 5.88 8.94 0.81 7.10 2.31 0.61 13.11 1.00 0.00 12.98 13.11 26.09 15.92 
F3 157 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.70 0.30 38.11 16.82 54.93 65.92 
F4 158 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.70 0.30 38.11 16.82 54.93 65.92 
F5 159 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
F6 160 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
F7 161 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
F8 162 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
F9 163 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
F10 164 0.54 21.54 12.83 0.69 23.63 4.82 0.56 18.53 0.00 1.00 21.54 12.83 34.37 41.25 
A 165 0.57 37.60 59.57 0.78 37.97 8.26 0.59 73.02 0.78 0.22 67.23 70.07 137.29 272.19 
B 166 0.60 37.23 40.95 0.78 37.97 8.26 0.61 52.43 0.75 0.25 65.62 49.53 115.16 228.30 
C 167 0.68 34.50 11.70 0.78 37.97 8.26 0.68 20.22 0.64 0.36 58.63 17.11 75.74 150.15 
D 168 0.60 37.23 40.95 0.78 37.97 8.26 0.61 52.43 0.75 0.25 65.62 49.53 115.16 228.30 
A1 169 0.79 28.92 22.49 1.00 31.69 1.51 0.82 26.72 0.00 1.00 28.92 22.49 51.41 54.75 
A2 170 0.79 28.92 22.49 1.00 31.69 1.51 0.82 26.72 0.00 1.00 28.92 22.49 51.41 54.75 
A3 171 0.79 28.92 22.49 1.00 31.69 1.51 0.82 26.72 0.06 0.94 30.85 22.75 53.59 57.08 
A4 172 0.79 29.77 22.49 1.00 32.61 1.51 0.82 26.71 0.00 1.00 29.77 22.49 52.26 55.66 
B1 173 0.79 29.77 22.49 1.00 32.50 2.21 0.82 27.24 0.46 0.54 44.67 24.67 69.34 73.85 
B2 174 0.79 29.77 22.49 1.00 32.62 1.54 0.82 26.74 0.45 0.55 44.60 24.42 69.02 73.51 
B4 175 0.79 28.59 22.49 1.00 31.32 1.54 0.82 26.74 0.45 0.55 42.83 24.42 67.25 71.62 
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Beam a Beam b Plated beam Debonding 
Mdebond 
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VArch        
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B5 176 0.79 28.59 22.49 1.00 31.32 1.54 0.82 26.74 0.00 1.00 28.59 22.49 51.08 54.40 
C2 177 0.81 33.40 22.89 1.00 35.98 2.45 0.84 27.51 0.64 0.36 56.40 25.85 82.24 100.34 
C3 178 0.81 33.40 22.89 1.00 35.98 2.45 0.84 27.51 0.64 0.36 56.40 25.85 82.24 100.34 
C4 179 0.81 34.38 22.89 1.00 37.04 2.45 0.84 27.51 0.64 0.36 58.06 25.85 83.90 102.36 
D1 180 0.81 34.38 22.89 1.00 36.81 3.36 0.83 28.23 0.64 0.36 58.04 26.32 84.37 102.93 
D2 181 0.81 34.38 22.89 1.00 36.81 3.36 0.83 28.23 0.64 0.36 58.04 26.32 84.37 102.93 
A4 182 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
A5 183 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
A6 184 0.55 12.71 5.91 0.68 15.47 4.81 0.57 10.91 0.54 0.46 21.05 8.60 29.65 22.24 
A7 185 0.55 12.71 5.91 0.68 15.47 4.81 0.57 10.91 0.54 0.46 21.05 8.60 29.65 22.24 
A8 186 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
A9 187 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
A10 188 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
A11 189 0.55 12.71 5.91 0.70 14.95 3.23 0.58 9.68 0.52 0.48 20.44 7.86 28.30 21.23 
B3 190 0.55 12.71 5.91 0.75 13.98 1.62 0.58 8.45 0.49 0.51 19.57 7.16 26.73 20.05 
B4 191 0.55 12.71 5.91 0.75 13.98 1.62 0.58 8.45 0.49 0.51 19.57 7.16 26.73 20.05 
B5 192 0.55 12.71 5.91 0.68 15.47 4.81 0.57 10.91 0.54 0.46 21.05 8.60 29.65 22.24 
B6 193 0.55 12.71 5.91 0.68 15.47 4.81 0.57 10.91 0.54 0.46 21.05 8.60 29.65 22.24 
B7 194 0.55 12.71 5.91 0.74 14.39 2.07 0.58 8.82 0.50 0.50 19.89 7.36 27.25 20.44 
B8 195 0.55 12.71 5.91 0.74 14.39 2.07 0.58 8.82 0.50 0.50 19.89 7.36 27.25 20.44 
C3 196 0.50 13.18 14.29 0.75 13.98 1.62 0.54 18.53 0.63 0.37 21.97 16.96 38.92 29.19 
C4 197 0.50 13.18 14.29 0.75 13.98 1.62 0.54 18.53 0.63 0.37 21.97 16.96 38.92 29.19 
C5 198 0.50 13.18 14.29 0.68 15.47 4.81 0.53 20.80 0.65 0.35 23.18 18.50 41.67 31.25 
C6 199 0.50 13.18 14.29 0.68 15.47 4.81 0.53 20.80 0.65 0.35 23.18 18.50 41.67 31.25 
C7 200 0.50 13.18 14.29 0.74 14.39 2.07 0.54 18.92 0.63 0.37 22.27 17.21 39.48 29.61 
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C8 201 0.50 13.18 14.29 0.74 14.39 2.07 0.54 18.92 0.63 0.37 22.27 17.21 39.48 29.61 
A-AT 202 0.59 13.59 16.61 0.90 12.68 0.95 0.62 20.08 0.69 0.31 22.36 19.01 41.37 43.43 
A-AK 203 0.59 13.59 16.61 0.89 12.87 1.09 0.62 20.18 0.69 0.31 22.49 19.08 41.57 43.65 
B-AT 204 0.86 24.70 25.67 1.00 28.15 3.43 0.88 30.90 0.73 0.27 45.37 29.51 74.88 78.63 
B-AK 205 0.86 24.70 25.67 1.00 28.09 3.85 0.88 31.21 0.74 0.26 45.36 29.74 75.10 78.85 
B-C1 206 0.86 24.70 25.67 1.00 28.02 4.31 0.88 31.56 0.74 0.26 45.34 30.01 75.35 79.11 
B-C2 207 0.86 24.70 25.67 1.00 27.99 4.54 0.88 31.73 0.74 0.26 45.33 30.14 75.47 79.24 
E1a 208 0.82 19.67 20.75 1.00 21.30 6.37 0.83 27.99 0.49 0.51 30.04 24.27 54.31 38.02 
E1b 209 0.82 19.67 20.75 1.00 21.30 6.37 0.83 27.99 0.49 0.51 30.04 24.27 54.31 38.02 
E2a 210 0.82 19.67 20.75 1.00 21.30 6.37 0.83 27.99 0.00 1.00 19.67 20.75 40.42 28.30 
E2b 211 0.82 19.67 20.75 1.00 21.30 6.37 0.83 27.99 0.00 1.00 19.67 20.75 40.42 28.30 
E3a 212 0.85 19.35 14.17 1.00 21.30 6.37 0.86 20.86 0.42 0.58 28.35 17.00 45.34 31.74 
E3b 213 0.85 19.35 14.17 1.00 21.30 6.37 0.86 20.86 0.42 0.58 28.35 17.00 45.34 31.74 
E4a 214 0.77 17.64 19.12 1.00 21.30 6.37 0.80 27.69 0.49 0.51 28.01 23.29 51.30 35.91 
E4b 215 0.77 17.64 19.12 1.00 21.30 6.37 0.80 27.69 0.49 0.51 28.01 23.29 51.30 35.91 
E5a 216 0.82 19.67 20.75 0.97 21.64 9.32 0.82 30.40 0.50 0.50 30.57 25.61 56.18 39.33 
E5b 217 0.82 19.67 20.75 0.97 21.64 9.32 0.82 30.40 0.50 0.50 30.57 25.61 56.18 39.33 
S1a 218 0.82 18.54 20.75 1.00 20.47 2.42 0.84 24.73 0.46 0.54 27.96 22.59 50.55 35.38 
S1b 219 0.82 18.54 20.75 1.00 20.47 2.42 0.84 24.73 0.46 0.54 27.96 22.59 50.55 35.38 
S2a 220 0.82 18.54 20.75 1.00 20.47 2.42 0.84 24.73 0.46 0.54 27.96 22.59 50.55 35.38 
S2b 221 0.82 18.54 20.75 1.00 20.47 2.42 0.84 24.73 0.46 0.54 27.96 22.59 50.55 35.38 
S3a 222 0.85 18.23 14.17 1.00 20.47 2.42 0.87 17.49 0.38 0.62 26.04 15.44 41.48 29.03 
S3b 223 0.85 18.23 14.17 1.00 20.47 2.42 0.87 17.49 0.38 0.62 26.04 15.44 41.48 29.03 
A-S1 224 0.76 6.24 8.82 0.99 7.68 3.61 0.80 13.33 1.00 0.00 13.92 13.33 27.25 10.90 
A-S2 225 0.76 6.24 8.82 0.99 7.68 3.61 0.80 13.33 1.00 0.00 13.92 13.33 27.25 10.90 
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A-SF 226 0.76 6.14 8.82 0.99 7.56 3.61 0.80 13.33 1.00 0.00 13.70 13.33 27.03 10.81 
B-S1 227 0.76 6.40 8.82 0.99 7.88 3.61 0.80 13.33 1.00 0.00 14.28 13.33 27.61 11.05 
B-S2 228 0.76 6.40 8.82 0.99 7.88 3.61 0.80 13.33 1.00 0.00 14.28 13.33 27.61 11.05 
B-SF 229 0.76 6.07 8.82 0.99 7.47 3.61 0.80 13.33 1.00 0.00 13.53 13.33 26.86 10.75 
A-200-P 230 0.47 10.53 39.56 0.72 12.65 4.21 0.50 50.33 0.07 0.93 11.41 40.31 51.72 51.72 
A-420-P 231 0.47 10.53 39.56 0.72 12.65 4.21 0.50 50.33 0.07 0.93 11.41 40.31 51.72 51.72 
B-200-P 232 0.58 10.66 49.63 0.85 13.78 8.30 0.62 65.62 0.59 0.41 18.74 59.00 77.74 54.42 
B-200-U 233 0.58 10.66 49.63 0.89 13.41 5.53 0.62 64.13 0.58 0.42 18.45 58.05 76.50 53.55 
B-200-L 234 0.58 10.66 49.63 0.89 13.41 5.53 0.62 64.13 0.58 0.42 18.45 58.05 76.50 53.55 
B-200-X 235 0.58 10.66 49.63 0.89 13.41 5.53 0.62 64.13 0.58 0.42 18.45 58.05 76.50 53.55 
2 236 0.50 8.03 5.45 0.74 9.30 1.27 0.55 8.06 0.11 0.89 9.02 5.73 14.75 15.48 
3 237 0.57 7.92 6.10 0.79 10.08 2.92 0.62 10.17 1.00 0.00 18.00 10.17 28.17 23.95 
4 238 0.57 7.92 6.10 0.79 10.08 2.92 0.62 10.17 0.95 0.05 17.54 9.98 27.52 23.39 
5 239 0.57 7.92 6.10 0.76 10.44 4.36 0.61 11.20 0.65 0.35 14.66 9.39 24.05 20.45 
A3.1 240 0.50 15.17 14.03 0.65 15.21 2.91 0.51 17.94 0.89 0.11 28.64 17.50 46.13 83.04 
1U-1.0 241 0.74 4.34 4.49 0.94 5.10 1.86 0.76 6.73 0.83 0.17 8.55 6.34 14.90 4.47 
2U-1.0 242 0.74 4.34 4.49 0.94 5.10 1.86 0.76 6.73 0.83 0.17 8.55 6.34 14.90 4.47 
3U-1.0 243 0.68 4.27 4.09 0.87 4.92 1.66 0.71 6.10 0.83 0.17 8.37 5.76 14.13 4.80 
4U-1.0 244 0.62 4.21 3.67 0.79 4.77 1.46 0.64 5.43 0.84 0.16 8.23 5.15 13.38 5.35 
5U-1.0 245 0.62 4.21 3.67 0.79 4.77 1.46 0.64 5.43 0.84 0.16 8.23 5.15 13.38 5.35 
1U-2.3 246 0.69 12.60 11.35 0.86 13.02 3.32 0.70 15.26 0.85 0.15 23.68 14.68 38.37 32.42 
1U-4.5 247 0.49 13.96 7.72 0.61 14.04 2.27 0.50 10.37 0.87 0.13 26.19 10.03 36.22 55.23 
1B 248 0.58 16.47 5.52 0.77 19.97 2.97 0.62 9.25 0.99 0.01 36.34 9.23 45.57 41.65 
1C 249 0.58 16.47 5.52 0.77 19.97 2.97 0.62 9.25 0.99 0.01 36.34 9.23 45.57 41.65 
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2B 250 0.55 17.04 9.63 0.77 19.97 2.97 0.59 14.37 1.00 0.00 36.92 14.35 51.27 46.86 
2C 251 0.55 17.04 9.63 0.77 19.97 2.97 0.59 14.37 1.00 0.00 36.92 14.35 51.27 46.86 
2D 252 0.55 17.04 9.63 0.77 19.97 2.97 0.59 14.37 1.00 0.00 36.92 14.35 51.27 46.86 
3B 253 0.53 17.34 14.69 0.77 19.97 2.97 0.57 20.69 1.00 0.00 37.24 20.67 57.91 52.93 
3C 254 0.53 17.34 14.69 0.77 19.97 2.97 0.57 20.69 1.00 0.00 37.24 20.67 57.91 52.93 
3D 255 0.53 17.34 14.69 0.77 19.97 2.97 0.57 20.69 1.00 0.00 37.24 20.67 57.91 52.93 
4B 256 0.51 17.48 20.40 0.77 19.97 2.97 0.55 27.84 1.00 0.00 37.38 27.81 65.20 59.59 
4C 257 0.51 17.48 20.40 0.77 19.97 2.97 0.55 27.84 1.00 0.00 37.38 27.81 65.20 59.59 
4D 258 0.51 17.48 20.40 0.77 19.97 2.97 0.55 27.84 1.00 0.00 37.38 27.81 65.20 59.59 
5B 259 0.49 17.50 27.01 0.77 19.97 2.97 0.54 36.14 1.00 0.00 37.41 36.11 73.52 67.19 
5C 260 0.49 17.50 27.01 0.77 19.97 2.97 0.54 36.14 1.00 0.00 37.41 36.11 73.52 67.19 
5D 261 0.49 17.50 27.01 0.77 19.97 2.97 0.54 36.14 1.00 0.00 37.41 36.11 73.52 67.19 
6B 262 0.48 17.42 34.28 0.77 19.97 2.97 0.52 45.26 1.00 0.00 37.34 45.23 82.56 75.46 
6C 263 0.48 17.42 34.28 0.77 19.97 2.97 0.52 45.26 1.00 0.00 37.34 45.23 82.56 75.46 
6D 264 0.48 17.42 34.28 0.77 19.97 2.97 0.52 45.26 1.00 0.00 37.34 45.23 82.56 75.46 
B2 265 0.74 32.32 47.28 0.85 35.37 27.26 0.74 74.24 0.79 0.21 60.38 68.66 129.04 167.75 
B3 266 0.74 32.32 47.27 0.85 35.38 27.32 0.74 74.29 0.80 0.20 60.45 68.76 129.21 167.97 
B5 267 0.74 32.32 47.27 0.89 34.21 17.57 0.75 66.34 0.79 0.21 59.20 62.25 121.45 157.88 
B6 268 0.74 32.32 47.27 0.85 35.38 27.32 0.74 74.29 0.80 0.20 60.45 68.76 129.21 167.97 
AF.2 269 1.00 13.42 7.70 1.00 17.70 3.54 1.00 11.28 0.00 1.00 13.42 7.70 21.11 10.56 
AF.2-1 270 1.00 13.42 7.70 1.00 17.70 3.54 1.00 11.28 0.12 0.88 15.48 8.12 23.60 11.80 
AF.3 271 1.00 13.42 7.70 1.00 17.70 3.54 1.00 11.28 0.41 0.59 20.69 9.17 29.86 14.93 
AF.4 272 1.00 13.42 7.70 1.00 17.70 3.54 1.00 11.28 0.71 0.29 25.90 10.22 36.13 18.06 
DF.1 273 0.96 13.84 11.30 1.00 18.07 1.92 0.99 14.03 0.73 0.27 27.04 13.29 40.34 20.17 
DF.2 274 0.96 13.84 11.30 1.00 17.90 3.54 0.98 15.18 0.74 0.26 27.06 14.17 41.23 20.61 
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DF.4 275 0.96 13.59 11.30 1.00 17.35 6.52 0.97 17.45 0.75 0.25 26.64 15.93 42.57 21.28 
A950 276 0.69 5.79 11.80 0.90 7.35 5.69 0.73 18.57 0.07 0.93 6.28 12.26 18.54 8.16 
A1100 277 0.69 5.79 11.80 0.90 7.35 5.69 0.73 18.57 0.44 0.56 8.99 14.75 23.74 10.45 
A1150 278 0.69 5.79 11.80 0.90 7.35 5.69 0.73 18.57 0.56 0.44 9.89 15.58 25.47 11.21 
A1500 279 0.69 6.83 11.80 0.90 8.67 5.69 0.73 18.57 1.00 0.00 15.49 18.57 34.06 14.99 
B1 280 0.80 6.39 3.06 0.90 8.67 5.69 0.79 8.19 0.21 0.79 8.21 4.14 12.35 5.43 
B2 281 0.63 6.74 28.15 0.90 8.67 5.69 0.67 38.24 0.60 0.40 11.91 34.17 46.08 20.28 
C5 282 0.77 6.14 13.51 0.90 6.50 5.69 0.77 19.04 0.44 0.56 8.98 15.92 24.90 10.95 
C10 283 0.75 5.88 13.07 0.90 6.50 5.69 0.76 18.90 0.44 0.56 8.71 15.61 24.32 10.70 
C20 284 0.71 5.37 12.22 0.90 6.50 5.69 0.74 18.66 0.44 0.56 8.19 15.02 23.22 10.22 
3a 285 0.75 5.33 5.35 0.88 6.52 4.72 0.76 9.97 0.57 0.43 9.02 7.96 16.98 7.73 
4b 286 0.75 4.99 5.35 0.88 6.11 4.72 0.76 9.97 0.57 0.43 8.45 7.96 16.42 7.47 
S-A 287 0.65 18.62 41.99 0.90 19.73 5.54 0.67 51.85 0.00 1.00 18.62 41.99 60.60 60.60 
S-B 288 0.65 18.62 41.99 0.90 19.73 5.54 0.67 51.85 0.00 1.00 18.62 41.99 60.60 60.60 
S-C 289 0.65 18.62 41.99 0.90 19.73 5.54 0.67 51.85 0.69 0.31 32.21 48.78 80.99 80.99 
S-D 290 0.65 18.62 41.61 0.90 19.73 5.54 0.68 51.41 0.00 1.00 18.62 41.61 60.23 60.23 
R-A 291 0.65 18.62 41.61 0.80 21.58 19.01 0.66 61.13 0.00 1.00 18.62 41.61 60.23 60.23 
R-B 292 0.65 18.62 41.61 0.80 21.58 19.01 0.66 61.13 0.00 1.00 18.62 41.61 60.23 60.23 
R-C 293 0.65 18.62 41.61 0.80 21.58 19.01 0.66 61.13 0.00 1.00 18.62 41.61 60.23 60.23 
R-D 294 0.65 18.62 41.61 0.80 21.58 19.01 0.66 61.13 0.00 1.00 18.62 41.61 60.23 60.23 
C-1 295 0.65 15.57 18.48 1.00 17.10 1.35 0.70 24.13 0.66 0.34 26.91 22.22 49.13 41.22 
C-2 296 0.65 15.57 18.48 0.85 19.64 9.01 0.69 29.51 0.69 0.31 29.12 26.09 55.21 46.32 
C-3 297 0.65 15.57 18.48 0.92 18.53 4.28 0.69 26.25 0.67 0.33 28.07 23.72 51.78 43.44 
H-50-1 298 0.65 15.57 18.48 1.00 17.21 1.10 0.70 23.98 0.66 0.34 26.96 22.12 49.08 41.18 
H-50-2 299 0.65 15.57 18.48 1.00 17.21 1.10 0.70 23.98 0.66 0.34 26.96 22.12 49.08 41.18 
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H-75-1 300 0.65 15.57 18.48 1.00 17.16 1.58 0.70 24.35 0.66 0.34 26.96 22.38 49.34 41.40 
H-75-2 301 0.65 15.57 18.48 1.00 17.16 1.58 0.70 24.35 0.66 0.34 26.96 22.38 49.34 41.40 
S-4 302 0.70 7.52 12.79 1.00 10.54 5.14 0.76 20.77 0.86 0.14 16.56 19.64 36.20 14.73 
B7 303 0.60 16.52 11.58 0.81 16.93 2.21 0.62 15.24 0.00 1.00 16.52 11.58 28.10 38.56 
BCRP7 304 0.69 14.20 31.65 0.88 16.36 10.83 0.71 44.35 0.86 0.14 28.35 42.63 70.98 54.44 
CP 305 0.69 8.33 17.15 1.00 11.61 1.89 0.76 23.96 0.61 0.39 15.45 21.33 36.77 14.71 
SP 306 0.69 8.33 17.15 1.00 11.61 1.89 0.76 23.96 0.61 0.39 15.45 21.33 36.77 14.71 
WP 307 0.69 8.33 17.15 1.00 11.61 1.89 0.76 23.96 0.61 0.39 15.45 21.33 36.77 14.71 
JP 308 0.69 8.33 17.15 1.00 11.61 1.89 0.76 23.96 0.61 0.39 15.45 21.33 36.77 14.71 
B3 309 0.74 32.32 47.27 0.85 35.38 27.32 0.74 74.29 0.80 0.20 60.45 68.76 129.21 167.97 
B5 310 0.74 32.32 47.27 0.89 34.21 17.57 0.75 66.34 0.79 0.21 59.20 62.25 121.45 157.88 
B6 311 0.74 32.32 47.27 0.85 35.38 27.32 0.74 74.29 0.80 0.20 60.45 68.76 129.21 167.97 
SM2 312 0.71 15.15 11.16 0.93 26.21 25.39 0.77 33.17 0.70 0.30 33.51 26.58 60.09 25.24 
SM4 313 0.71 15.15 11.16 0.93 26.21 25.39 0.77 33.17 0.70 0.30 33.51 26.58 60.09 25.24 
SM5 314 0.71 15.15 11.16 1.00 25.15 12.27 0.79 24.82 0.66 0.34 31.84 20.22 52.06 21.87 
ST3 315 0.71 15.15 11.16 0.93 26.21 25.39 0.77 33.17 0.70 0.30 33.51 26.58 60.09 25.24 
ST4 316 0.71 15.15 11.16 0.88 26.65 39.78 0.75 42.48 0.73 0.27 34.60 34.02 68.62 28.82 
MM5 317 0.73 19.69 21.10 0.88 24.69 18.02 0.75 38.93 0.48 0.52 31.54 29.66 61.20 58.14 
SM3 318 0.71 15.15 11.16 0.93 26.21 25.46 0.77 33.22 0.70 0.30 33.52 26.62 60.13 25.26 
SM6 319 0.71 15.15 11.16 0.89 26.70 38.99 0.75 41.96 0.46 0.54 27.35 25.23 52.58 22.08 
ST2 320 0.71 15.15 11.16 0.93 26.21 25.46 0.77 33.22 0.70 0.30 33.52 26.62 60.13 25.26 
MM2 321 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
MM3 322 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
MM4 323 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.45 0.55 30.50 26.97 57.47 54.60 
MT2 324 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
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VArch        
(kN) 
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(kN) 
MT3 325 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
MT4 326 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
MT5 327 0.73 19.69 21.10 0.92 23.97 11.61 0.76 34.12 0.73 0.27 37.08 30.54 67.63 64.25 
BCRP11 328 0.69 14.57 31.65 0.82 17.47 21.89 0.70 52.47 0.87 0.13 29.85 49.86 79.71 61.14 
BCRP13 329 0.69 14.41 31.65 0.88 16.59 10.83 0.71 44.35 0.86 0.14 28.76 42.63 71.39 54.75 
BCRP14 330 0.69 14.41 31.65 0.88 16.59 10.83 0.71 44.35 0.86 0.14 28.76 42.63 71.39 54.75 
A1b 331 0.74 5.01 4.53 0.96 5.71 1.48 0.77 6.46 0.82 0.18 9.71 6.12 15.84 4.75 
A1c 332 0.74 5.01 4.53 0.96 5.71 1.48 0.77 6.46 0.82 0.18 9.71 6.12 15.84 4.75 
A2b 333 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
A2c 334 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
A2d 335 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
A2e 336 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
A2f 337 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
A2g 338 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.00 1.00 3.88 4.53 8.42 2.52 
A2h 339 0.74 3.88 4.53 0.96 4.43 1.48 0.77 6.46 0.82 0.18 7.52 6.12 13.65 4.09 
B2 340 0.74 4.36 4.53 0.97 4.96 1.44 0.77 6.44 0.82 0.18 8.44 6.10 14.54 4.36 
B3 341 0.74 4.36 4.53 1.00 4.87 0.59 0.78 5.77 0.81 0.19 8.33 5.54 13.87 4.16 
B4 342 0.74 4.36 4.53 0.94 5.09 1.92 0.77 6.80 0.83 0.17 8.56 6.41 14.97 4.49 
B5 343 0.74 4.36 4.53 0.97 4.96 1.44 0.77 6.44 0.82 0.18 8.44 6.10 14.54 4.36 
B6 344 0.74 4.36 4.53 0.97 4.96 1.44 0.77 6.44 0.82 0.18 8.44 6.10 14.54 4.36 
B7 345 0.74 4.36 4.53 0.88 5.27 3.40 0.75 7.92 1.00 0.00 9.63 7.92 17.55 5.27 
B8 346 0.74 4.36 4.53 0.88 5.27 3.40 0.75 7.92 0.84 0.16 8.77 7.37 16.14 4.84 
B9 347 0.74 4.36 4.53 0.88 5.27 3.40 0.75 7.92 0.84 0.16 8.77 7.37 16.14 4.84 
B10 348 0.74 4.36 4.53 0.90 5.21 2.79 0.76 7.45 1.00 0.00 9.57 7.45 17.02 5.11 
1Au 349 0.74 4.54 4.49 0.96 5.24 1.53 0.77 6.48 0.99 0.01 9.74 6.46 16.20 4.86 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
O
ri
gi
na
l B
ea
m
 
N
o.
 
N
ew
 B
ea
m
 N
o.
 
Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
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2Au 350 0.68 4.46 4.09 0.89 5.06 1.37 0.71 5.87 0.99 0.01 9.48 5.85 15.33 5.21 
3Au 351 0.62 4.41 3.67 0.81 4.90 1.20 0.64 5.22 0.51 0.49 6.91 4.46 11.37 4.55 
2Aa 352 0.68 4.46 4.09 0.89 5.06 1.37 0.71 5.87 0.99 0.01 9.48 5.85 15.33 5.21 
2A2a 353 0.68 4.46 4.09 0.89 5.06 1.37 0.71 5.87 0.99 0.01 9.48 5.85 15.33 5.21 
2A3a 354 0.68 4.46 4.09 0.89 5.06 1.37 0.71 5.87 0.99 0.01 9.48 5.85 15.33 5.21 
1Bu 355 0.74 4.54 4.49 0.96 5.25 1.55 0.77 6.50 0.99 0.01 9.75 6.48 16.23 4.87 
1B2u 356 0.74 4.54 4.49 0.96 5.25 1.55 0.77 6.50 0.99 0.01 9.75 6.48 16.23 4.87 
2Bu 357 0.68 4.46 4.09 0.89 5.07 1.38 0.71 5.89 0.99 0.01 9.49 5.87 15.36 5.22 
3Bu 358 0.62 4.41 3.67 0.80 4.91 1.22 0.64 5.24 0.51 0.49 6.92 4.47 11.39 4.56 
2Ba 359 0.68 4.46 4.09 0.89 5.07 1.38 0.71 5.89 0.99 0.01 9.49 5.87 15.36 5.22 
2B2a 360 0.68 4.46 4.09 0.89 5.07 1.38 0.71 5.89 0.99 0.01 9.49 5.87 15.36 5.22 
1Cu 361 0.74 4.54 4.49 0.96 5.26 1.53 0.77 6.49 0.99 0.01 9.75 6.48 16.23 4.87 
2Cu 362 0.68 4.46 4.09 0.89 5.07 1.37 0.71 5.88 0.99 0.01 9.49 5.87 15.36 5.22 
3Cu 363 0.62 4.41 3.67 0.81 4.92 1.20 0.65 5.23 0.51 0.49 6.92 4.47 11.39 4.56 
2Ca 364 0.68 4.46 4.09 0.89 5.07 1.37 0.71 5.88 0.99 0.01 9.49 5.87 15.36 5.22 
CC 365 0.68 34.52 11.69 0.78 37.99 8.25 0.68 20.21 0.64 0.36 58.66 17.11 75.76 150.24 
AA 366 0.57 37.62 59.56 0.78 37.99 8.25 0.59 73.00 0.78 0.22 67.26 70.05 137.32 272.30 
BB 367 0.60 37.25 40.94 0.78 37.99 8.25 0.61 52.41 0.75 0.25 65.66 49.52 115.18 228.40 
DD 368 0.60 37.25 40.94 0.78 37.99 8.25 0.61 52.41 0.75 0.25 65.66 49.52 115.18 228.40 
N 369 0.76 18.50 13.50 0.85 24.06 22.32 0.75 33.51 0.16 0.84 22.24 16.62 38.86 35.56 
H 370 0.76 19.23 13.50 0.93 23.88 9.60 0.78 23.73 0.35 0.65 27.61 17.10 44.71 40.91 
M 371 0.76 19.23 13.50 0.94 23.10 7.59 0.78 22.07 1.00 0.00 42.25 22.04 64.29 58.83 
G 372 0.76 19.23 13.50 1.00 22.50 2.37 0.80 18.03 1.00 0.00 41.64 18.02 59.66 54.59 
C 373 0.76 18.50 13.50 1.00 21.60 2.99 0.80 18.54 0.29 0.71 24.67 14.94 39.61 36.24 
D 374 0.76 18.50 13.50 1.00 21.61 2.97 0.80 18.52 0.29 0.71 24.66 14.94 39.60 36.23 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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E 375 0.76 19.23 13.50 1.00 22.46 3.00 0.80 18.55 0.09 0.91 21.32 13.97 35.30 32.30 
L 376 0.76 18.50 13.50 1.00 21.28 3.63 0.80 19.00 1.00 0.00 39.70 18.98 58.67 53.69 
F 377 0.76 18.50 13.50 0.98 22.03 5.65 0.79 20.75 0.26 0.74 24.13 15.36 39.49 36.13 
I 378 0.76 18.50 13.50 0.98 21.79 5.59 0.79 20.60 0.31 0.69 25.34 15.73 41.08 37.59 
J 379 0.76 18.50 13.50 0.99 21.56 5.06 0.79 20.18 0.00 1.00 18.50 13.50 32.00 29.28 
K 380 0.76 19.23 13.50 0.99 22.35 4.91 0.79 20.06 0.00 1.00 19.23 13.50 32.73 29.95 
P1 381 0.76 8.28 8.60 1.00 11.81 0.72 0.83 11.76 0.47 0.53 13.88 10.10 23.98 9.42 
P2 382 0.76 8.28 8.60 1.00 11.79 1.35 0.83 12.18 0.48 0.52 13.96 10.32 24.28 9.54 
P2B 383 0.76 8.28 8.60 1.00 11.79 1.35 0.83 12.18 0.48 0.52 13.96 10.32 24.28 9.54 
P2BW 384 0.76 8.28 8.60 1.00 11.79 1.35 0.83 12.18 0.48 0.52 13.96 10.32 24.28 9.54 
P3 385 0.76 8.28 8.60 1.00 11.80 1.94 0.83 12.60 0.49 0.51 14.04 10.55 24.59 9.67 
P3B 386 0.76 8.28 8.60 1.00 11.80 1.94 0.83 12.60 0.49 0.51 14.04 10.55 24.59 9.67 
P3BW 387 0.76 8.28 8.60 1.00 11.80 1.94 0.83 12.60 0.49 0.51 14.04 10.55 24.59 9.67 
P3J 388 0.76 8.28 8.60 1.00 11.80 1.94 0.83 12.60 0.66 0.34 16.06 11.23 27.29 10.72 
VR5 389 0.79 12.04 8.73 0.94 12.81 3.82 0.80 12.84 1.00 0.00 24.86 12.84 37.70 29.52 
VR6 390 0.79 12.04 8.73 0.94 12.81 3.82 0.80 12.84 1.00 0.00 24.86 12.84 37.70 29.52 
VR7 391 0.79 12.04 8.73 0.89 13.38 6.60 0.78 15.17 1.00 0.00 25.43 15.17 40.60 31.79 
VR8 392 0.79 12.04 8.73 0.89 13.38 6.60 0.78 15.17 1.00 0.00 25.43 15.17 40.60 31.79 
VR9 393 0.79 12.04 8.73 0.86 13.71 9.32 0.77 17.46 1.00 0.00 25.75 17.46 43.21 33.83 
VR10 394 0.79 12.04 8.73 0.86 13.71 9.32 0.77 17.46 1.00 0.00 25.75 17.46 43.21 33.83 
S6-50-0 395 0.44 9.94 3.45 0.54 10.66 1.67 0.45 5.33 0.58 0.42 16.14 4.55 20.69 17.59 
S6-50-1 396 0.44 9.94 3.45 0.54 10.66 1.67 0.45 5.33 0.58 0.42 16.14 4.55 20.69 17.59 
S8-50-0 397 0.41 10.28 5.99 0.54 10.66 1.67 0.43 8.19 0.64 0.36 17.15 7.41 24.56 20.88 
S8-50-1 398 0.41 10.28 5.99 0.54 10.66 1.67 0.43 8.19 0.64 0.36 17.15 7.41 24.56 20.88 
A1 399 0.62 20.86 34.83 0.98 20.33 1.61 0.65 42.20 1.00 0.00 41.19 42.20 83.39 88.81 
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A2 400 0.62 20.86 34.83 0.91 21.85 3.23 0.65 43.31 1.00 0.00 42.72 43.31 86.03 91.62 
A7 401 0.62 20.86 34.83 0.98 20.33 1.61 0.65 42.21 1.00 0.00 41.20 42.21 83.41 88.83 
C1 402 0.62 20.86 34.83 1.00 19.95 0.85 0.65 41.65 1.00 0.00 40.81 41.65 82.46 87.82 
CF1 403 0.59 4.59 9.47 0.92 4.42 0.57 0.63 11.57 1.00 0.00 9.02 11.57 20.59 12.35 
GF1 404 0.59 4.59 9.47 1.00 4.02 0.03 0.63 11.18 1.00 0.00 8.61 11.18 19.79 11.87 
CF3 405 0.60 2.35 9.67 1.00 2.53 0.42 0.65 12.30 1.00 0.00 4.88 12.30 17.18 6.87 
BM0 406 0.25 41.00 19.71 0.38 37.15 1.00 0.26 22.52 1.00 0.00 78.15 22.52 100.67 357.40 
B 06 407 0.64 6.70 6.76 0.86 6.93 1.37 0.67 8.81 0.77 0.23 12.02 8.33 20.35 14.25 
B 08 408 0.64 7.77 6.76 0.82 8.34 2.04 0.66 9.34 0.77 0.23 14.21 8.75 22.96 16.08 
B1 409 0.88 11.05 9.61 1.00 12.00 1.61 0.89 11.60 0.54 0.46 17.54 10.68 28.22 15.52 
B2 410 0.88 11.05 9.61 1.00 12.00 1.61 0.89 11.60 0.54 0.46 17.54 10.68 28.22 15.52 
B3 411 0.88 11.05 9.61 1.00 12.00 1.61 0.89 11.60 0.54 0.46 17.54 10.68 28.22 15.52 
LL-3 412 0.94 13.44 16.54 1.00 15.46 2.09 0.96 19.08 0.77 0.23 25.37 18.50 43.87 26.32 
LL-4 413 0.94 17.22 16.54 1.00 19.82 2.09 0.96 19.08 0.77 0.23 32.52 18.50 51.02 30.61 
LL-5 414 0.92 13.60 22.10 1.00 15.56 1.13 0.93 24.31 0.79 0.21 25.93 23.85 49.79 29.87 
DF.1 415 0.96 13.84 11.30 1.00 18.07 1.92 0.99 14.03 0.82 0.18 28.70 13.54 42.24 21.12 
DF.2 416 0.96 13.84 11.30 1.00 18.07 1.92 0.99 14.03 0.77 0.23 27.72 13.40 41.12 20.56 
DF.3 417 0.96 13.59 11.30 1.00 17.75 1.92 0.99 14.03 0.73 0.27 26.55 13.29 39.85 19.92 
DF.4 418 0.96 13.59 11.30 1.00 17.75 1.92 0.99 14.03 0.73 0.27 26.55 13.29 39.85 19.92 
P2 419 0.80 20.35 17.61 1.00 21.05 1.93 0.82 20.88 0.00 1.00 20.35 17.61 37.96 34.16 
P3 420 0.80 20.35 17.61 1.00 21.05 1.93 0.82 20.88 0.00 1.00 20.35 17.61 37.96 34.16 
P4 421 0.80 20.35 17.61 1.00 21.04 3.59 0.81 22.38 0.00 1.00 20.35 17.61 37.96 34.16 
P6 422 0.80 20.35 17.61 1.00 21.04 3.59 0.81 22.38 0.00 1.00 20.35 17.61 37.96 34.16 
P7 423 0.80 20.35 17.61 0.97 21.25 5.89 0.80 24.20 0.68 0.32 34.84 22.11 56.95 51.25 
P8 424 0.80 20.35 17.61 0.97 21.25 5.89 0.80 24.20 0.68 0.32 34.84 22.11 56.95 51.25 
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P9 425 0.80 20.35 17.61 0.90 22.42 11.60 0.79 28.92 0.70 0.30 36.13 25.57 61.70 55.53 
P10 426 0.80 20.35 17.61 0.90 22.42 11.60 0.79 28.92 0.70 0.30 36.13 25.57 61.70 55.53 
A-250-1 427 0.63 13.23 17.71 0.95 12.63 1.14 0.66 21.56 0.68 0.32 21.83 20.34 42.17 40.06 
C-250-1 428 0.63 13.23 17.71 0.94 12.81 1.30 0.66 21.68 0.68 0.32 21.97 20.41 42.38 40.26 
A-400-2 429 0.91 24.78 28.21 1.00 30.11 4.40 0.93 34.35 0.73 0.27 46.64 32.67 79.31 75.35 
C-400-2 430 0.91 24.78 28.21 1.00 30.04 4.93 0.93 34.72 0.73 0.27 46.62 32.95 79.57 75.60 
1 431 0.65 17.14 17.51 0.94 16.62 1.56 0.68 21.20 1.00 0.00 33.76 21.20 54.97 46.17 
2 432 0.65 17.14 17.51 0.94 16.62 1.56 0.68 21.20 1.00 0.00 33.76 21.20 54.97 46.17 
3 433 0.65 17.14 17.51 0.94 16.62 1.56 0.68 21.20 1.00 0.00 33.76 21.20 54.97 46.17 
6 434 0.65 17.14 17.51 0.94 16.62 1.56 0.68 21.20 1.00 0.00 33.76 21.20 54.97 46.17 
beam 1,2,3 435 0.78 21.13 18.71 1.00 20.62 2.76 0.80 22.68 0.83 0.17 38.15 21.98 60.14 57.73 
BFS-1 436 0.87 26.34 30.36 1.00 30.92 6.88 0.89 38.91 1.00 0.00 57.26 38.91 96.17 72.12 
BFS-2 437 0.87 26.34 30.36 1.00 30.92 6.88 0.89 38.91 1.00 0.00 57.26 38.91 96.17 72.12 
1-A2 438 0.33 5.70 4.00 0.55 6.96 0.65 0.38 6.10 1.00 0.00 12.67 6.10 18.76 15.95 
1-A3 439 0.33 5.70 4.00 0.52 7.44 1.29 0.38 6.51 1.00 0.00 13.14 6.51 19.64 16.70 
1-A4 440 0.33 5.70 4.00 0.52 7.44 1.29 0.38 6.51 1.00 0.00 13.14 6.51 19.64 16.70 
1-A5 441 0.33 5.70 4.00 0.55 6.96 0.65 0.38 6.10 1.00 0.00 12.67 6.10 18.76 15.95 
1-A7 442 0.33 5.70 4.00 0.55 6.96 0.65 0.38 6.10 1.00 0.00 12.67 6.10 18.76 15.95 
1-A8 443 0.35 5.70 2.66 0.55 6.96 0.65 0.40 4.16 1.00 0.00 12.66 4.16 16.82 14.30 
1-B2 444 0.34 5.53 5.84 0.60 6.85 0.68 0.39 8.86 1.00 0.00 12.38 8.86 21.24 15.93 
1-B3 445 0.34 5.53 5.84 0.56 7.32 1.36 0.39 9.27 1.00 0.00 12.85 9.27 22.12 16.59 
1-B4 446 0.34 5.53 5.84 0.56 7.32 1.36 0.39 9.27 1.00 0.00 12.85 9.27 22.12 16.59 
1-B5 447 0.34 5.53 5.84 0.60 6.85 0.68 0.39 8.86 1.00 0.00 12.38 8.86 21.24 15.93 
1-B7 448 0.34 5.53 5.84 0.60 6.85 0.68 0.39 8.86 1.00 0.00 12.38 8.86 21.24 15.93 
2-A2 449 0.37 4.38 2.77 0.57 5.54 0.82 0.42 4.45 1.00 0.00 9.92 4.45 14.37 10.78 
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2-A3 450 0.37 4.38 2.77 0.57 5.54 0.82 0.42 4.45 1.00 0.00 9.92 4.45 14.37 10.78 
2-A4 451 0.37 4.38 2.77 0.59 5.44 0.68 0.42 4.35 1.00 0.00 9.82 4.35 14.17 10.63 
2-B2 452 0.35 4.37 4.16 0.57 5.54 0.82 0.40 6.44 1.00 0.00 9.92 6.44 16.36 12.27 
2-B3 453 0.35 4.37 4.16 0.57 5.54 0.82 0.40 6.44 1.00 0.00 9.92 6.44 16.36 12.27 
2-B4 454 0.35 4.37 4.16 0.55 5.80 1.34 0.40 6.77 1.00 0.00 10.17 6.77 16.95 12.71 
2-C3 455 0.52 4.76 3.67 0.78 5.07 0.54 0.57 4.96 1.00 0.00 9.83 4.96 14.79 11.09 
2-C4 456 0.52 4.76 3.67 0.78 5.07 0.54 0.57 4.96 1.00 0.00 9.83 4.96 14.79 11.09 
2-D3 457 0.60 4.78 6.64 0.94 5.25 0.67 0.65 8.92 1.00 0.00 10.03 8.92 18.95 10.42 
2-E3 458 0.33 4.35 7.72 0.55 5.80 1.34 0.37 11.80 1.00 0.00 10.15 11.80 21.95 16.46 
A2 459 0.66 19.02 15.82 0.85 22.20 6.76 0.69 23.96 0.59 0.41 32.07 20.61 52.68 36.87 
A3 460 0.66 19.02 15.82 0.85 22.20 6.76 0.69 23.96 0.59 0.41 32.07 20.61 52.68 36.87 
B2 461 0.64 19.21 21.09 0.85 22.20 6.76 0.67 30.10 0.62 0.38 33.08 26.72 59.80 41.86 
RF1 462 1.00 24.32 25.95 1.00 30.57 7.83 1.00 34.13 1.00 0.00 54.89 34.13 89.02 46.29 
RF2 463 1.00 24.32 25.95 1.00 30.57 7.83 1.00 34.13 0.00 1.00 24.32 25.95 50.27 26.14 
RF3 464 1.00 24.32 25.95 1.00 30.57 7.83 1.00 34.13 0.00 1.00 24.32 25.95 50.27 26.14 
RS1a 465 1.00 23.35 51.68 1.00 30.57 7.83 1.00 62.60 1.00 0.00 53.92 62.60 116.52 60.59 
RS1b 466 1.00 23.35 51.68 1.00 30.57 7.83 1.00 62.60 1.00 0.00 53.92 62.60 116.52 60.59 
B3 467 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 1.00 0.00 46.06 19.73 65.79 72.37 
B4 468 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 1.00 0.00 46.06 19.73 65.79 72.37 
B5 469 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
B6 470 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
B7 471 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
B8 472 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
B9 473 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
B10 474 0.58 22.11 13.76 0.72 23.95 5.23 0.60 19.73 0.00 1.00 22.11 13.76 35.86 39.45 
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Table E.6 Calculated debonding loads according to the proposed debonding model, all FRP plated beams 
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Beam a Beam b Plated beam Debonding 
Mdebond 
(kN) ra VBeam,a(kN) 
VArch,a 
(kN) rb 
VBeam,b 
(kN) 
VArch,b 
(kN) rtot 
VArch,II  
(kN) α β 
VBeam 
(kN) 
VArch        
(kN) 
V debond  
(kN) 
B1F 475 0.71 16.32 39.92 1.00 16.36 1.54 0.73 45.00 0.89 0.11 30.85 44.43 75.29 67.76 
B3FS 476 0.69 16.25 51.49 1.00 16.36 1.54 0.71 57.70 0.90 0.10 30.98 57.08 88.06 79.25 
CB3-2S 477 0.55 32.45 38.03 0.79 30.62 3.33 0.57 45.52 0.71 0.29 54.20 43.35 97.54 178.50 
CB4-2S 478 0.55 32.45 38.03 0.79 30.62 3.33 0.57 45.52 0.71 0.29 54.20 43.35 97.54 178.50 
CB5-3S 479 0.55 32.45 38.03 0.79 30.62 3.33 0.57 45.52 0.71 0.29 54.20 43.35 97.54 178.50 
CB6-3S 480 0.55 32.45 38.03 0.79 30.62 3.33 0.57 45.52 0.71 0.29 54.20 43.35 97.54 178.50 
CB7-1S 481 0.55 32.45 38.03 0.76 32.28 5.33 0.57 47.20 0.71 0.29 55.52 44.58 100.09 183.17 
CB8-1SB 482 0.55 32.45 38.03 0.76 32.28 5.33 0.57 47.20 0.71 0.29 55.52 44.58 100.09 183.17 
CB9-1SB 483 0.55 32.45 38.03 0.76 32.28 5.33 0.57 47.20 0.71 0.29 55.52 44.58 100.09 183.17 
CB10-2SB 484 0.55 32.45 38.03 0.76 32.28 5.33 0.57 47.20 0.71 0.29 55.52 44.58 100.09 183.17 
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APPENDIX F :WORKED EXAMPLES ON PROPOSED DEBONDING MODEL 
STEEL PLATED BEAM PB4 
Beam PB4 has the following specifications: 
ρs = 0.004, f’c = 53 MPa, a = 850 mm, b = 150 mm, d = 262 mm, ρp = 0.0165, dp = 303.5 
mm, ap = 150 mm. 
1. CRITICAL CRACK LOCATION 
According to Equations (4.24) and (4.25) ρtot  and davg will be equal to: 
𝜌𝑡𝑜𝑡 = 𝜌𝑠 + 𝜌𝑝 = 0.004 + 0.0165 = 0.0205 
𝑑𝑎𝑣𝑔 = 𝑑𝑠 + 𝑑𝑝2 = 262 + 303.52 = 282.75 𝑚𝑚  
and the critical crack location according to Equation (4.23) will be equal to: 
𝑎𝑐 = 3.3 �𝜌𝑡𝑜𝑡�𝑑𝑎𝑣𝑔 𝑎⁄ �2(1−�𝜌𝑡𝑜𝑡)2 �1/3 𝑎 = 3.3 �0.0205(282.75/850)2(1−√0.0205)2 �1/3 850 = 408.55 𝑚𝑚  
2. BEAM ACTION 
Beam action and arch action for each of the beams a and b, according to Equations (4.26) 
and (4.27): 
𝑟𝑎 = (𝑑𝑎)0.6(𝜌𝑠)−0.1 ≤ 1 = (262850)0.6(0.004)−0.1 = 0.86 ≤ 1 
𝑉𝐵𝑒𝑎𝑚,𝑎 = 0.2�1 −�𝜌𝑠��𝑓′𝑐(𝑑𝑎)𝑟𝑎𝑏𝑑 = 0.2�1 − √0.004�√53(262850)0.86150 × 262= 19.54 𝑘𝑁 
According to Equation (4.28): 
𝛼 = 𝑎𝑐 − 𝑎𝑝
𝑎𝑐
= 408.55 − 15408.55 = 0.63 
And beam action for beam b following Equations (4.29) and (4.31): 
𝑟𝑏 = (𝑑𝑝𝑎 )0.6(𝜌𝑝)−0.1 = (303.5850 )0.6(0.0165)−0.1 = 0.81 ≤ 1 
 𝑉𝐵𝑒𝑎𝑚,𝑏 = 0.2�1 −�𝜌𝑝��𝑓′𝑐(𝑑𝑝𝑎 )𝑟𝑏𝑏𝑑𝑝 = 0.2�1 − √0.0165�√53(303.5850 )0.81150 ×303.5 = 25.03 𝑘𝑁 
Having the beam action for both beams a and b, the final beam action is the sum of the two 
terms considering the length factor according to Equation (4.32): 
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𝑉𝐵𝑒𝑎𝑚 =  𝑉𝐵𝑒𝑎𝑚,𝑎 +  𝛼𝑉𝐵𝑒𝑎𝑚,𝑏 = 19.54 + 0.63 × 25.03 = 35.38 𝑘𝑁 
3.ARCH ACTION 
Following Equations (4.33) and (4.34): 
𝛽 = 𝑎𝑝
𝑎𝑐
= 150408.55 = 0.37 
The arch action in path I according to Equation (4.34) will be: 
𝑉𝐴𝑟𝑐ℎ,𝑎 = 204�1 −�𝜌𝑠� �𝑑𝑎�𝑟𝑎+0.6 𝜌𝑠0.9 𝑏𝑑= 204�1 − √0.004� �262850�0.86+0.6 0.0040.9 150 × 262 = 9.38 𝑘𝑁 
Arch action for beam b according to Equation (4.36) and (4.37): 
𝑟𝑡𝑜𝑡 = (𝑑𝑎𝑣𝑔𝑎 )0.6(𝜌𝑡𝑜𝑡)−0.1 = (282.75850 )0.6(0.0205)−0.1 = 0.76 ≤ 1 
𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 = 204�1 −�𝜌𝑡𝑜𝑡� �𝑑𝑎𝑣𝑔𝑎 �𝑟𝑡𝑜𝑡+0.6 𝜌𝑡𝑜𝑡0.9 𝑏𝑑𝑎𝑣𝑔= 204�1 − √0.0205� �282.75850 �0.76+0.6 0.02050.9 𝑏150 × 282.75 = 50 𝑘𝑁 
The total arch action will be the summation of the two terms including the length factor α 
and β: 
𝑉𝐴𝑟𝑐ℎ = 𝛽𝑉𝐴𝑟𝑐ℎ,𝑎 + 𝛼𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 = 0.37 × 9.38 + 0.63 × 50 = 35.08 𝑘𝑁 
And the total debonding load will be: 
𝑉𝑑𝑒𝑏𝑜𝑛𝑑 = 𝑉𝐵𝑒𝑎𝑚 + 𝑉𝐴𝑟𝑐ℎ = 35.38 + 35.08 = 70.45 𝑘𝑁 
The experimental debonding load according to Heathcote and Raoof (2003) as seen in  
Table A.1 is 76.35 kN, hence: 
𝑉𝑒𝑥𝑝
𝑉𝑑𝑒𝑏𝑜𝑛𝑑
= 76.3570.46 = 1.08 
FRP PLATED BEAM 3U-1.0 
Beam PB4 has the following specifications: 
ρs = 0.0101, f’c = 54 MPa, a = 340 mm, b = 100 mm, d = 84 mm, ρp = 0.0054, dp =  101.4 
mm, ap = 20 mm 
1. CRITICAL CRACK LOCATION 
According to Equations (4.24) and (4.25), ρtot and davg will be equal to: 
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𝜌𝑡𝑜𝑡 = 𝜌𝑠 + 𝐸𝑝𝐸𝑠 𝜌𝑝 = 0.0101 + 111000200000 × 0.0054 = 0.013 
𝑑𝑎𝑣𝑔 = 𝑑𝑠 + 𝑑𝑝2 = 84 + 101.42 = 92.7 𝑚𝑚  
and the critical crack location according to Equation (4.23) 
𝑎𝑐 = 3.3 �𝜌𝑡𝑜𝑡�𝑑𝑎𝑣𝑔 𝑎⁄ �2(1−�𝜌𝑡𝑜𝑡)2 �1/3 𝑎 = 3.3 �0.013(92.7/340)2(1−√0.013)2 �1/3 340 = 120.25 𝑚𝑚  
2.    BEAM ACTION 
Beam action and arch action for for each beams a and b, according to Equations (4.26) and 
(4.27): 
𝑟𝑎 = (𝑑𝑎)0.6(𝜌𝑠)−0.1 = ( 84340)0.6(0.0101)−0.1 = 0.68 ≤ 1 
𝑉𝐵𝑒𝑎𝑚,𝑎 = 0.2�1 −�𝜌𝑠��𝑓′𝑐(𝑑𝑎)𝑟𝑎𝑏𝑑 = 0.2�1 − √0.0101�√54( 84340)0.68 × 100 × 84= 4.29 𝑘𝑁 
According to Equation (4.28): 
𝛼 = 𝑎𝑐 − 𝑎𝑝
𝑎𝑐
= 120.25 − 20120.25 = 0.83 
And beam action for beam b following Equation (4.29): 
𝑟𝑏 = (𝑑𝑝𝑎 )0.6(𝜌𝑝)−0.1 = (101.4340 )0.6(0.0054)−0.1 = 0.81 ≤ 1 
𝑉𝐵𝑒𝑎𝑚,𝑏 = 0.2�1 −�𝜌𝑝��𝑓′𝑐(𝑑𝑝𝑎 )𝑟𝑏𝑏𝑑𝑝= 0.2�1 − √0.0054�√54(101.4340 )0.81 × 100 × 101.4 = 4.92 𝑘𝑁 
Having the beam action for both beams a and b, the final beam action is the sum of the two 
terms considering the length factor according to Equation (4.32): 
𝑉𝐵𝑒𝑎𝑚 =  𝑉𝐵𝑒𝑎𝑚,𝑎 +  𝛼𝑉𝐵𝑒𝑎𝑚,𝑏 = 4.29 + 0.83 × 4.92 = 8.37 𝑘𝑁 
3. ARCH ACTION 
Following Equations (4.33) and (4.34): 
𝛽 = 𝑎𝑝
𝑎𝑐
= 20120.25 = 0.17 
The arch action in path I according to Equation (4.34) will be: 
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𝑉𝐴𝑟𝑐ℎ,𝑎 = 204�1 −�𝜌𝑠� �𝑑𝑎�𝑟𝑎+0.6 𝜌𝑠0.9 𝑏𝑑= 204�1 − √0.0054� � 84340�0.68+0.6 0.01010.9 ×  100 × 84 = 4.09 𝑘𝑁 
Arch action for beam b according to Equations (4.36) and (4.37): 
𝑟𝑡𝑜𝑡 = (𝑑𝑎𝑣𝑔𝑎 )0.6(𝜌𝑡𝑜𝑡)−0.1 = (92.7340 )0.6(0.013)−0.1 = 0.71 ≤ 1 
𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 = 204�1 −�𝜌𝑡𝑜𝑡� �𝑑𝑎𝑣𝑔𝑎 �𝑟𝑡𝑜𝑡+0.6 𝜌𝑡𝑜𝑡0.9 𝑏𝑑𝑎𝑣𝑔= 204�1 − √0.013� �92.7340�0.71+0.6 0.0130.9  × 100 × 92.7 = 6.1 𝑘𝑁 
The total arch action will be the summation of the two terms including the length factor α 
and β: 
𝑉𝐴𝑟𝑐ℎ = 𝛽𝑉𝐴𝑟𝑐ℎ,𝑎 + 𝛼𝑉𝐴𝑟𝑐ℎ,𝐼𝐼 = 0.17 × 4.09 + 0.83 × 6.1 = 5.76𝑘𝑁 
And the total debonding load will be: 
𝑉𝑑𝑒𝑏𝑜𝑛𝑑 = 𝑉𝐵𝑒𝑎𝑚 + 𝑉𝐴𝑟𝑐ℎ = 8.37 + 5.76 = 14.13 𝑘𝑁 
The experimental debonding load according to Table A.1 is 17 kN, hence: 
𝑉𝑒𝑥𝑝
𝑉𝑑𝑒𝑏𝑜𝑛𝑑
= 1714.13 = 1.2 
 
 
 
 
